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/HJXPHV SURYLGH KLJK TXDOLW\ SURWHLQ IRU IRRG DQG IHHG DV ZHOO DV RWKHU HFRV\VWHP
VHUYLFHVEXWLWLVVWLOOFKDOOHQJLQJWRXVH WKHPWRPHHWWKHJURZLQJJOREDOGHPDQGIRU
SURWHLQ SDUWO\ EHFDXVH (XURSHDQ IDUPHUV FRQVLGHU WKHLU FXOWLYDWLRQ XQSURILWDEOH DQG
ULVN\7KLV WKHVLVDLPV WRdesign OHJXPHVXSSRUWHGFURSSLQJV\VWHPVDQGassess WKHLU
HQYLURQPHQWDO DQG HFRQRPLF LPSDFWV DORQJ ZLWK WKHLU SURGXFWLRQ ULVNV LQ (XURSHDQ
DJULFXOWXUH
7KH DSSURDFKHV XVHG LQFOXGHG L WKH GHYHORSPHQW RI D IUDPHZRUN WR GHVLJQ
FURSSLQJ V\VWHPVDQG WR DVVHVV LPSDFWVRIPDQDJHPHQW LLPRGHOOLQJ WKH LPSDFWRI
LQWHJUDWLQJOHJXPHVLQWRFURSSLQJV\VWHPVDQGDVVHVV WUDGHRIIVLLL WKHGHYHORSPHQW
RI D VWDWLVWLFDOPHWKRG WRTXDQWLI\FURS \LHOG VWDELOLW\ LQGHSHQGHQWRI WKHPHDQ\LHOG
LY DVVHVVLQJ JUDLQ OHJXPH \LHOG VWDELOLW\ VWDWLVWLFDOO\ FRPSDUHG WR RWKHU FURSV XVLQJ
GDWD IURP ORQJWHUPH[SHULPHQWV DQG Y SDUWLFLSDWRU\PHWKRGV WR UHGHVLJQ OHJXPH
VXSSRUWHGFURSSLQJV\VWHPV




LGHQWLI\ WUDGHRIIV EHWZHHQ HFRQRPLF DQG HQYLURQPHQWDO LPSDFWV 2Q DYHUDJH WKH
JHQHUDWHGFURSSLQJV\VWHPVZLWKOHJXPHV UHGXFHG12HPLVVLRQVE\DQG
DQG 1 IHUWLOL]HU XVH E\   DQG   LQ DUDEOH DQG IRUDJH V\VWHPV UHVSHFWLYHO\
FRPSDUHGWRV\VWHPVZLWKRXW OHJXPHV*UDLQOHJXPHVLQFUHDVHGJURVVPDUJLQVLQ WZR
RI ILYH UHJLRQV DQG IRUDJH OHJXPHV LQ DOO WKUHH VWXG\ UHJLRQV $ VFDOHDGMXVWHG
FRHIILFLHQW RI YDULDWLRQZDV GHYHORSHG DV D VWDELOLW\PHDVXUH WKDW DFFRXQWV IRUPHDQ
\LHOGGLIIHUHQFHV8VLQJGDWDIURPILYHORQJWHUPH[SHULPHQWVLQQRUWKHUQ(XURSHWKLV
PHWKRGVKRZHGWKDW\LHOGLQVWDELOLW\RIJUDLQOHJXPHVZDVKLJKHU3
WKDQ WKDW RI DXWXPQVRZQ FHUHDOV   EXW ORZHU 3   WKDQ WKDW RI RWKHU
VSULQJVRZQ EURDGOHDYHG FURSV   DQG RQO\ VOLJKWO\ JUHDWHU 3    WKDQ
VSULQJVRZQFHUHDOV7KHFRPELQDWLRQRIRQVWDWLRQDQGRQIDUPWULDOVZLWKFURS
URWDWLRQPRGHOOLQJ ZDV XVHIXO ZKHQ UHGHVLJQLQJ FURSSLQJ V\VWHPV1LQH DJURQRPLF
SUDFWLFHVZHUHLGHQWLILHGIRULPSURYLQJJUDLQOHJXPHSURGXFWLRQDWWKHIDUPOHYHO
,QWKLVWKHVLVLWLVVKRZQWKDWOHJXPHVFDQSURYLGHERWKHFRQRPLFDQGHQYLURQPHQWDO























































































































































































&URS SURGXFWLRQ LQ (XURSH LV LQWHQVLYH VSHFLDOLVHG DQG UHVSRQVLEOH IRU
QHJDWLYHHQYLURQPHQWDOLPSDFWV&ODUN	7LOPDQ7KHFRPELQHGHIIHFW
RI WKH LQWHQVLILFDWLRQ RI OLYHVWRFN IDUPLQJ ZLWK SROLWLFDO VXSSRUW IRU FHUHDO
SURGXFWLRQDQGLPSRUWHGVR\EHDQ9RLVLQ et al.OHGWRDGHILFLWLQ
KLJKSURWHLQ FURS FRPPRGLWLHV LQ (XURSH LQ  0XUSK\%RNHUQ et al.

:KLOHJUDLQOHJXPHVZHUHJURZQRQRIWKHJOREDODUDEOHFURSSHGDUHD
LQ  WKH\ ZHUH JURZQ RQ RQO\   LQ (XURSH :DWVRQ et al. 
5HODWLYH WR FHUHDOV JUDLQ OHJXPHV KDYH UHODWLYHO\ ORZ \LHOG OHYHOV DQG ORZ
\LHOG VWDELOLW\ DV HVWLPDWHG IURP QDWLRQDO \LHOG GDWD &HUQD\ et al. $
ORZPDUNHW YDOXH FRPSDUHG WR LPSRUWHG VR\EHDQ SURGXFWV PDNH JURZLQJ RI
JUDLQOHJXPHVOHVVSURILWDEOHWKDQFHUHDOVLQFXUUHQWVXSSO\FKDLQV3UHLVVHO et 
al. 0H\QDUG et al.  )DUPHUV JURZHU RUJDQL]DWLRQV DQG H[SHUWV
IURP WKH (XURSHDQ ,QQRYDWLRQ 3DUWQHUVKLS SURJUDP 9RQ 5LFKWKRIHQ et al.
D (,3$*5,  =LPPHU et al.  3*52  KROG ORZ
WHPSRUDO \LHOG VWDELOLW\ UHVSRQVLEOH IRU WKH ORZ SURSRUWLRQ RI JUDLQ OHJXPHV
DPRQJRWKHU IDFWRUV2WKHUGULYHUV IRU WKH ORZSURSRUWLRQDUHDVVRFLDWHGZLWK
WKH VSHFLDOL]DWLRQ DQG LQWHQVLILFDWLRQ RI IDUPV RQ FHUHDO FURSV UDSHVHHG DQG
PDL]HDQGLPSRUWLQJUHODWLYHO\FKHDSSURWHLQIRUOLYHVWRFNIHHG=DQGHU et al.
XQSUHGLFWDEOHSROLF\ VXSSRUW IRUSURWHLQFURSV %XHVHWDODQG
ODFNRIDZDUHQHVVRIWKHSRVLWLYHURWDWLRQDOHIIHFWVRIOHJXPHVDWWKHFURSSLQJ





ODUJHUDUHDVWKDQJUDLQOHJXPHV%XHV et al.$FFRUGLQJWR3KHODQ et al.
WKHPDLQDGYDQWDJHVRIIRUDJHOHJXPHVFRPSDUHGWRRWKHUFURSVDUHWKH




ORZHU SHUVLVWHQFH WKDQ JUDVV XQGHU JUD]LQJ KLJK ULVN RI OLYHVWRFN EORDW DQG
GLIILFXOW\ WRFRQVHUYHDVVLODJHRUKD\DQGGLVHDVH 3KHODQ et al.7KH
VSHFLDOL]DWLRQ RI IDUPLQJ DQG DVVRFLDWHG VSDWLDO GHFRXSOLQJ RI OLYHVWRFN DQG
FURS SURGXFWLRQ LV RQH RI WKHPDMRU FRQVWUDLQW WR IRUDJH OHJXPHV LQ (XURSH
/HPDLUH et al.DQGOLPLWVWKHLUXVHLQ&6
)RUDJH DQG JUDLQ OHJXPHV UHSUHVHQW RQH RI WKH KLJKHVW TXDOLW\ IRUDJLQJ
UHVRXUFHV IRU SROOLQDWRUV 'HFRXUW\H et al.  7KHLU PDVVIORZHULQJ
FRQWULEXWHVWRWKHPDLQWHQDQFHRISRSXODWLRQVRIZLOGDQGGRPHVWLFDWHGEHHVE\
SURYLGLQJ QHFWDU DQG SROOHQ :HVWSKDO et al.  :KLOH IRUDJH OHJXPHV
KDYHEHHQIRXQG WR LQFUHDVHSRSXODWLRQVL]HDQGGLYHUVLW\RIHDUWKZRUPVDQG
&ROOHPEROD (LVHQKDXHU et al.  6DEDLV et al.  WKHUH LV OHVV
LQIRUPDWLRQ RQ WKH HIIHFWV RI JUDLQ OHJXPHV RQ WKHP*UDVVFORYHU PL[WXUHV
SURYLGH KDELWDW IRU IDUPODQG ELUGV VXFK DV VN\ODUN FRUQ EXQWLQJ \HOORZ
ZDJWDLO DQG ZKLQFKDW HVSHFLDOO\ ZKHQ PRGLILHG KDUYHVWLQJ PHDVXUHV DUH
LPSOHPHQWHG6WHLQ%DFKLQJHU	)XFKV
7KHLQWHJUDWLRQRIJUDLQDQGIRUDJHOHJXPHVLQWRDJULFXOWXUDOV\VWHPVKDVEHHQ
LGHQWLILHGDVDZD\WRLQFUHDVHLWVVXVWDLQDELOLW\-HQVHQ et al.0DJULQL et 
al.  6WDJQDUL et al.  :DWVRQ et al.  DQG WKH LQFUHDVHG
FRQVXPSWLRQRIOHJXPHULFKGLHWVZLOOSURYLGHKHDOWKEHQHILWVIRUKXPDQVDQG
OLYHVWRFN)R\HU et al.5||V et al.
/HJXPHVKDYHDQDGYDQWDJHRYHURWKHUFURSVLQWKDWWKH\FDQIRUPV\PELRWLF
DVVRFLDWLRQVZLWKQLWURJHQǦIL[LQJEDFWHULDPDNLQJWKHPVHOIǦVXIILFLHQWLQWHUPV
RI QLWURJHQ 1 DFTXLVLWLRQ 3HRSOHV et al. D (VWLPDWHV RI ELRORJLFDO
QLWURJHQ IL[DWLRQ %1)YDU\ZLGHO\ DQGGHSHQGRQ WKH OHJXPHDQG UKL]RELD
JHQRW\SHFURSPDQDJHPHQWDQGHQYLURQPHQWDOFRQGLWLRQ*LOOHU et al.
8QGHU (XURSHDQ FRQGLWLRQV %1) LQ IDED EHDQ Vicia faba / FDQ UDQJH
EHWZHHQ  NJ 1 KD \HDU -HQVHQ et al.  DQG LQ ZKLWH FORYHU
Trifolium repens / EHWZHHQ  NJ 1 KD \HDU &DUOVVRQ 	 +XVV
'DQHOO  *UDLQ DQG IRUDJH OHJXPHV SURYLGH URWDWLRQDO VHUYLFHV WKDW
LQIOXHQFH WKH \LHOG DQG TXDOLW\ RI WKH VXEVHTXHQW FURSV 7KHVH DJURQRPLF
EHQHILWVHQFRPSDVV1DQGQRQ1UHODWHGSUHFHGLQJFURSHIIHFWV&KDON
WKDWDUHGLIILFXOWWRVHSDUDWHHPSLULFDOO\:KLOHWKHµQLWURJHQHIIHFW¶FRPSULVHV
WKH SURYLVLRQ RI 1 WR WKH VXEVHTXHQW FURSV 3HRSOHV et al.  WKH RWKHU
EHQHILWV LQFOXGH WKH µEUHDNFURS HIIHFW¶ WKDW RFFXUV ZKHQ D GLVHDVH F\FOH LV
EURNHQ 5REVRQ et al.  EHQHILWV WR VRLO RUJDQLF PDWWHU DQG VWUXFWXUH
+HUQDQ] et al.DQGSKRVSKRUXVPRELOLVDWLRQ6KHQ et al.7KHVH
HIIHFWVRFFXUHVSHFLDOO\LQFHUHDOGRPLQDWHG&6WKDWDUHFRPPRQLQODUJHSDUWV
RI (XURSH$FFRUGLQJ WR GLIIHUHQWPHWDDQDO\VHV RI ILHOG H[SHULPHQWV FHUHDO
\LHOGVZHUHWKDLQWHPSHUDWH(XURSH3UHLVVHO et al.WKDLQ




FHUHDOSUHFURSV'XH WR WKH VRLOPLQHUDO1EHQHILWVGHULYHG IURP OHJXPHV WR
WKH VXEVHTXHQW FURS 3HRSOHV et al. 1 IHUWLOLVDWLRQ FDQEH UHGXFHGE\
 NJ KD ZLWKRXW UHGXFLQJ WKH \LHOG EHQHILW 3UHLVVHO et al. 
3HVWLFLGHVDQGVRLOWLOODJHFDQDOVREHUHGXFHGLQFURSVIROORZLQJJUDLQOHJXPHV
EHFDXVHRI WKH UHGXFWLRQ LQSDWKRJHQSRSXODWLRQVDQG LPSURYHGVRLO VWUXFWXUH
9RQ5LFKWKRIHQ et al. E$QJXV et al. 'HVSLWH SURYLGLQJPDQ\
EHQHILWV IRU WKH HQYLURQPHQW DQ FURSSLQJ V\VWHPJUDLQ OHJXPHSURGXFWLRQ LV
FRQVWUDLQHG E\ D ODUJH QXPEHU RI SHVWV GLVHDVHV DQG ZHHGV WKDW OLPLW WKH
FXOWLYDWLRQ LQ WKH URWDWLRQ HVSHFLDOO\ IRU SHD Pisum sativum / '|ULQJ

&HUHDO \LHOGV DUH DOVR JUHDWHU ZKHQ JURZQ LQ URWDWLRQV ZLWK IRUDJH OHJXPHV
3HUVVRQ et al.%HUJNYLVW	%nWK6W0DUWLQ et al.:KLOH
WKH HIIHFWV DUHJUHDWHU LQ \HDURQH DQG WZR DIWHU LQFRUSRUDWLRQRI WKH OHJXPH
FURS%HUJNYLVW DQG%nWK  IRXQG WKDWRDW\LHOGVZHUH WKDJUHDWHU
HYHQ LQ WKH WKLUG VHDVRQ DIWHU WKH JUDVVFORYHU FRPSDUHG WR RDW \LHOGV LQ D
URWDWLRQZLWKRXW OH\V7KHKLJKHU \LHOGV LQ URWDWLRQVZLWK IRUDJH OHJXPHV DUH
FRQVLGHUHGWREHUHODWHGWRDQLQFUHDVHLQVRLORUJDQLFPDWWHU-RKQVWRQ et al.
LPSURYHGVRLOVWUXFWXUH/VFKHU et al.DQGODUJHUDPRXQWVRIVRLO
PLQHUDO10OOHU6W|YHU et al.$VSHUHQQLDO IRUDJHV WKH\ UHGXFH WKH
VHHGEDQNDQG VWRUDJHRUJDQVRISHUHQQLDOZHHGV WKXVUHGXFLQJ WKHQHHG IRU
RWKHUZHHGFRQWUROPHDVXUHV+nNDQVVRQ
:KLOH WKH JHQHUDO EHQHILWV DQG OLPLWDWLRQV RI JUDLQ DQG IRUDJH OHJXPH
FXOWLYDWLRQ LQ (XURSH KDYH EHHQ UHYLHZHG H[WHQVLYHO\ -HQVHQ et al. 
9RLVLQ et al.3KHODQ et al.6XWHU et al.=DQGHU et al.
6WDJQDUL et al.:DWVRQ et al.WKHVHUHYLHZVKDYHPRVWO\IRFXVHG
RQ VLQJOH FURSV DQG DQ DQQXDO SHUVSHFWLYH $Q LQWHJUDWHG DVVHVVPHQW RI
OHJXPHVXSSRUWHG &6 LQFOXGLQJ DJURQRPLF HQYLURQPHQWDO DQG HFRQRPLF
IDFWRUV LV QHHGHG WR design QRYHO V\VWHPV DQG assess WKHLU LPSDFWV 6XFK D




*URZLQJ OHJXPHV FRQWULEXWH WR FOLPDWH FKDQJH PLWLJDWLRQ E\ UHGXFLQJ &2
HPLVVLRQV DULVLQJ IURP 1 IHUWLOL]HU SURGXFWLRQ DQG QLWURXV R[LGH 12





&DQILHOG et al.  7KH HPLVVLRQV IURP JUDLQ DQG IRUDJH OHJXPHV DUH
JHQHUDOO\ ORZHU WKDQ WKRVH IURP1IHUWLOL]HG FURSV DQG SDVWXUHV 5RFKHWWH	
-DQ]HQ  'XVHQEXU\ et al.  EHFDXVH 12 LV GHULYHG IURP WKH
QLWULILFDWLRQ RI DPPRQLD UHOHDVHG IURP IHUWLOL]HU RU IURP PLQHUDOL]DWLRQ RI
RUJDQLF FRPSRXQGV DQG WKHUH DUH QR HPLVVLRQV OLQNHG WR WKH V\PELRWLF 1
IL[DWLRQSURFHVV-HXIIUR\ et al.1LWULILFDWLRQSURGXFHVQLWUDWHZKLFKLV
DSUHUHTXLVLWHIRUGHQLWULILFDWLRQWKDWLVFRQYHUWHGWRQLWULWHE\QLWUDWHUHGXFWDVHV





FRYHU FURS LV VRZQ :DWVRQ et al.  )URP JUDLQ DQG IRUDJH OHJXPHV
-HQVHQ et al.HVWLPDWHG121HPLVVLRQVWRDYHUDJHNJKDUDQJLQJ
IURP  NJ KDZKLOH WKH HPLVVLRQV IURP FHUHDOVPDL]H FDQROD DQG
SDVWXUHZHUHNJKDUDQJLQJIURPNJKD-HXIIUR\ et al.
DOVRIRXQG12IOX[HVWREHVLJQLILFDQWO\ORZHUIRUSHDDQGXQIHUWLOL]HGZKHDW
Triticum aestivum / WKDQ IRU IHUWLOL]HG ZKHDW DQG IHUWLOL]HG RLOVHHG UDSH
7KHUHLVDULVNRI12HPLVVLRQVIURPOHJXPHFURSUHVLGXHVDIWHU WKHKDUYHVW
GXHWRWKHLUQDUURZ&1UDWLR7KH1IURPWKHUHVLGXHVDUHDYDLODEOHIRUUDSLG
FRQYHUVLRQWR12DVZHOODVIRU OHDFKLQJEXWERWK-HXIIUR\ et al. DQG
3DSSD et al.  IRXQG VLPLODU 12 HPLVVLRQV FRPSDUHG WR QRQOHJXPH
FURSV(PLVVLRQV DUHJHQHUDOO\ ODUJHU IURP VRLOVZLWKKLJK1 VWDWXV DQGZLWK
ODUJHU DSSOLFDWLRQV RI1 IHUWLOL]HU DQGPDQXUH 5HHV et al.  EHFDXVHRI
JUHDWHU QLWULILFDWLRQ RI DPPRQLD 6RLO W\SH HQYLURQPHQWDO IDFWRUV DQG WKH
LQWHUDFWLRQZLWK FURSPDQDJHPHQW DOVR DIIHFW HPLVVLRQV +pDXOW et al. 
*UDI et al.  EHFDXVH WKH\ GHWHUPLQH WKH SRSXODWLRQ FRPSRVLWLRQ RI
GHQLWULI\LQJPLFUREHV WKH DPRXQW DQG VSHHG RIPLQHUDOL]DWLRQ RI QLWUDWH DQG
WKH1GHPDQGRIWKHPDLQDQGFRYHUFURSV6LQFHHPLVVLRQVDUHVXEMHFWWRWKH
PDQDJHPHQW RI WKHZKROH FURSSLQJ V\VWHP DQG FDQ EH H[SHFWHG GXULQJ DQG
DIWHU FURS JURZWK LW LV LPSRUWDQW WR PHDVXUH DQG HVWLPDWH HPLVVLRQV RYHU D
ZKROHURWDWLRQLQVWHDGRIMXVWRQH\HDU'XVHQEXU\ et al.
7KHUH LV DQ LQFUHDVHG ULVN RI QLWUDWH OHDFKLQJ DIWHU JUDLQ DQG HVSHFLDOO\ DIWHU
IRUDJH OHJXPHVFRPSDUHG WRDIWHUFHUHDOVGXH WR WKH1ULFKQDWXUHRI OHJXPH
UHVLGXHV7KLVLVDSDUWLFXODUSUREOHPRQVDQG\VRLOVDQGZKHQWKHSUHFLSLWDWLRQ
LVKLJKEHFDXVHWKLVOHDGVWRKLJKHUDPRXQWVRIGUDLQDJHZDWHUZKLFKLVDPDMRU
GHWHUPLQLQJIDFWRURIOHDFKLQJ%HDXGRLQ et al.%HQRLW et al.,QD
ILYH\HDUURWDWLRQDOH[SHULPHQWLQRUJDQLFIDUPLQJ(ULNVHQ et al.IRXQG




JUDVVODQGV NJKD DQG ORZ OHDFKLQJZKHQEDUOH\ZDVJURZQZLWKDQ
XQGHUVRZQFRYHUFURSNJKD&RYHUFURSVFDQVLJQLILFDQWO\UHGXFHWKH
DPRXQWRI OHDFKLQJDVKDVEHHQGHPRQVWUDWHG LQVHYHUDOVWXGLHV %HDXGRLQ et 
al. 3OD]D%RQLOOD et al. 8QGHU LQWHQVLYHDJULFXOWXUH LQQRUWKHUQ
)UDQFHFRYHUFURSVUHGXFHG OHDFKLQJE\DW WKHDQQXDODQGDW WKH
URWDWLRQ VFDOH %HDXGRLQ et al.  :KHQ GHVLJQLQJ V\VWHPV ZLWK JUDLQ
OHJXPHVLWLVLPSRUWDQWWRFRQVLGHUERWKWKHHIIHFWRIWKHLQGLYLGXDOVSHFLHVDQG
DOVRWKHRYHUDOOURWDWLRQDOV\VWHP%HDXGRLQ et al.DQG3OD]D%RQLOOD et 
al. IRXQGDVWURQJSRVLWLYHFRUUHODWLRQEHWZHHQWKHSURSRUWLRQRIJUDLQ
OHJXPHVLQURWDWLRQVDQGWKHFRQFHQWUDWLRQRIQLWUDWHLQGUDLQDJHDQGVRLOZDWHU
*URZLQJ FRYHU FURSV DIWHU JUDLQ OHJXPHV UHGXFHG WKH DYHUDJH QLWUDWH1
OHDFKLQJRYHUDURWDWLRQZLWKRQHJUDLQOHJXPHIURPNJKD WRNJKD






,QWHUDFWLRQV EHWZHHQ FURSV DQG WKH VXEVHTXHQW FURSV LQ D URWDWLRQ DIIHFW WKH
DJURHFRQRPLF DQG HQYLURQPHQWDO SHUIRUPDQFH 1LWURJHQ PLQHUDOL]DWLRQ
QLWUDWH OHDFKLQJ JUHHQKRXVHJDV HPLVVLRQV SHVWV GLVHDVHV DQG ZHHGV DQG
HYHQWXDOFURS\LHOGDUHDOODIIHFWHGE\FURSPDQDJHPHQWDQGWKHFURSVHTXHQFH
'RJOLRWWL et al.%DFKLQJHU	=DQGHU'HWOHIVHQ	-HQVHQ
7KHVH LQWHUDFWLRQV DUH SDUWLFXODUO\ LPSRUWDQW ZKHQ OHJXPHV DUH LQFOXGHG
EHFDXVHRI WKHLUGLYHUVH LPSDFWVRQDOO FURSV LQ WKH VHTXHQFH 3HRSOHV et al.
E .|SNH 	 1HPHFHN  -HQVHQ et al.  7KH SURGXFWLRQ RI
OHJXPHVRIWHQJHQHUDWHVORZHUJURVVPDUJLQVWKDQWKHSURGXFWLRQRIFHUHDOVRU
RLOVHHGVEXW WKHLU URWDWLRQDO HIIHFWV LQFUHDVH WKHJURVVPDUJLQVRI VXEVHTXHQW
FURSV ZKLFK FDQ KDYH D FRPSHQVDWRU\ HIIHFW RQ WKH V\VWHP JURVV PDUJLQ
3UHLVVHO et al.:KHQ3UHLVVHO et al.FRPSDUHGURWDWLRQVZLWKDQG
ZLWKRXWOHJXPHVLQD(XURSHDQZLGHDVVHVVPHQWWKH\IRXQGWKDWRXWRI
URWDWLRQV LQFOXGLQJ OHJXPHV ZHUH HFRQRPLFDOO\ FRPSHWLWLYH ZLWK URWDWLRQV
ZLWKRXWOHJXPHV
7R FRQVLGHU WKH URWDWLRQDO HIIHFWV RI OHJXPHV LQ DQ HQYLURQPHQWDO DQG
HFRQRPLFDVVHVVPHQWWKHFURSSLQJV\VWHPVKRXOGEHWKHEDVLVIRUWKHDQDO\VLV
7KHFURSSLQJV\VWHPLVGHILQHG LQ WKLV WKHVLVDVD¿[HGF\FOLFDOVHTXHQFHRI






OLWHUDWXUH UHYLHZ(FNHUVWHQ  LGHQWLILHG WKH IDFWRUV WR EHGHILQHG LQ&6
DVVHVVPHQWV WKH V\VWHPV WR LQFOXGH VXFK DV SODQW ODQG PDQDJHPHQW WKH
FKRLFH RI WKH HYDOXDWHG RXWSXWV VXFK DV \LHOG HFRV\VWHP VHUYLFHV DQG WKH
IDFWRUV LQIOXHQFLQJ WKHVH RXWSXWV VXFK DV URWDWLRQDO HIIHFWV FOLPDWLF
FRQGLWLRQV SULFHV %HUJH] et al.  SURSRVHG DQ RSHUDWLRQDO IRXUVWHS
DSSURDFK WR GHVLJQ DQG DVVHVV &6 L JHQHUDWLRQ LL VLPXODWLRQ LLL
HYDOXDWLRQDQGLYFRPSDULVRQDQGFKRLFH7KHgenerationRUIRUPXODWLRQRI
FURS URWDWLRQV FDQ IROORZ HLWKHU D TXDQWLWDWLYH RU TXDOLWDWLYH DSSURDFK RU D
FRPELQDWLRQRIERWK4XDQWLWDWLYHDSSURDFKHVJHQHUDOO\XVHVWDWLVWLFDOGDWDDQG
PDQ\ VWXGLHV RQ FURS URWDWLRQV LQ (XURSH XVH GDWD IURP WKH LQWHJUDWHG
DGPLQLVWUDWLRQ DQG FRQWURO V\VWHP RI WKH (8 DQG LWV ODQG SDUFHO LQIRUPDWLRQ
V\VWHP 6FK|QKDUW et al.  6WHLQPDQQ 	 'REHUV  7KH XVH RI
VWDWLVWLFDOGDWDLVRIWHQFRPELQHGZLWKPDWKHPDWLFDODSSURDFKHV&DVWHOOD]]L et 
al. 4XDOLWDWLYH DSSURDFKHV JHQHUDOO\ IRFXV RQ KLVWRULFDO FURS URWDWLRQ
V\VWHPDWL]DWLRQV RU H[SHUWGHULYHG URWDWLRQV 6WHLQ	 6WHLQPDQQ  7KH
FRPELQDWLRQRITXDQWLWDWLYHDQGTXDOLWDWLYHLQIRUPDWLRQWRGHVLJQFURSURWDWLRQV
LV WKHPRVW FRPPRQPHWKRG LQ UHFHQW \HDUV6WXGLHV FRPELQH VWDWLVWLFDO GDWD
ZLWK TXDOLWDWLYH UXOHV WR GHULYH D FURS VHTXHQFH W\SRORJ\ 6FK|QKDUW et al.
/RUHQ] et al. 6WHLQ	6WHLQPDQQ RU WKH\XVH UXOHEDVHG
PRGHOV IRU VSHFLILF FRQGLWLRQV VXFK DV 35$&7 IRU FRQVHUYDWLRQ DJULFXOWXUH
1DXGLQ et al.  RU 52725 IRU RUJDQLF IDUPLQJ %DFKLQJHU	=DQGHU
 :KLOH VWDWLVWLFDO GDWD UHSUHVHQW FXUUHQW IDUPLQJ WUHQGV WKDW DUH
LQIOXHQFHG E\ FXUUHQW SROLF\ DQG PDUNHW GULYHUV WKH\ GR QRW DOORZ
LQYHVWLJDWLRQ RI WKH HIIHFWV RI QRYHO FURSV RU PDQDJHPHQW VWUDWHJLHV 5XOH
EDVHG PRGHOV KDYH EHHQ GHYHORSHG WR JHQHUDWH QRYHO V\VWHPV EDVHG RQ D
FRPELQDWLRQRITXDQWLWDWLYHDQGTXDOLWDWLYHFULWHULD
7KH evaluation RI &6 FDQ EH EDVHG RQ simulation ZLWK G\QDPLF PRGHOV RU
DVVHVVPHQW ZLWK VWDWLF PRGHOV :LWK G\QDPLF FURS PRGHOV LW LV SRVVLEOH WR
VLPXODWHVRLOFURSSURFHVVHVLQGHWDLOEXWWKHLUKLJKGHPDQGRQGDWDOLPLWVWKHLU
DSSOLFDWLRQ -RQHV et al.  7KH\ KDYH RWKHU OLPLWDWLRQV VXFK DV DQ
LQDELOLW\ WR JHQHUDWH V\VWHPVRU VLPXODWH WKHSURFHVVHVRI FURS URWDWLRQV DQG
IHZDUHFDOLEUDWHGIRUJUDLQOHJXPHV.ROODV et al.6WDWLFPRGHOVDOORZ
WKHDVVHVVPHQWRIURWDWLRQDOHIIHFWV%DFKLQJHU	=DQGHU1DXGLQ et al.
 ZLWKRXW WKH QHFHVVLW\ WR GLVHQWDQJOH WKH ELRWLF DQG DELRWLF SURFHVVHV
LQYROYHG7KH\UHTXLUHOHVVLQSXWGDWDWKDQG\QDPLFPRGHOVDQGFDQFRPELQH




TXDOLILHG H[SHUWV RQ FURS PDQDJHPHQW URWDWLRQDO HIIHFWV DQG FURS URWDWLRQ
GHVLJQ1DXGLQ et al.
)RU WKH comparison and choice VWHS IROORZLQJ %HUJH] et al.  PXOWL
FULWHULD DQDO\VLV FDQ EH XVHG WKDW WDNHV FRQÀLFWLQJ REMHFWLYHV XQGHUO\LQJ WKH
HFRQRPLFVRFLDODQGHQYLURQPHQWDOGLPHQVLRQVRIVXVWDLQDELOLW\LQWRDFFRXQW
6DGRN et al.E,WLVXVHGWRLGHQWLI\SRWHQWLDOWUDGHRIIVEHWZHHQLPSDFWV
XVLQJPXOWLFULWHULD GHFLVLRQDLG PHWKRGV 6DGRN et al. D 6DGRN et al.
E&DURI et al.WKDWIDFLOLWDWHWKHGLVFXVVLRQZLWKVWDNHKROGHUV
2YHUDOO WKH GHVLJQ DQG HYDOXDWLRQ RI &6 EHQHILWV IURP DSSO\LQJ PRGHOV
+RZHYHU WR VXSSRUW SDUWLFLSDWRU\ SUREOHPVROYLQJ DQG FRGHVLJQ SURFHVVHV
WKHVHPRGHOVPXVWEHERWKVRSKLVWLFDWHGHQRXJKWREHUHOHYDQWDQGVXIILFLHQWO\
VLPSOH DQG IOH[LEOH WR EH DSSOLHG LQ YHU\ GLIIHUHQW VHWWLQJV DQG IRU GLIIHUHQW
TXHVWLRQV'LW]OHU et al.6WDWLFPRGHOVPHHWWKHVHUHTXLUHPHQWVEXWVR
IDU WKHUH LV QRW RQHPRGHO WKDW HYDOXDWHV OHJXPHV LQ&6 IRU DZLGH UDQJHRI




GLPHQVLRQ RI WKH SURGXFWLYLW\ DQG VXVWDLQDELOLW\ RI OHJXPH FURSV ,Q
DJULFXOWXUDOVFLHQFHVWKHFRQFHSWRIVWDELOLW\LVXVHGDVDFULWHULRQWRPHDVXUH
WKH VSDWLDO RU WHPSRUDO FRQVWDQF\ RI VSHFLILF IHDWXUHV RI DJULFXOWXUDO V\VWHPV
8UUXW\ et al.,QWKHIDFHRIFOLPDWHFKDQJHDQGWRDFKLHYHJOREDOIRRG
VHFXULW\WKHVWDELOLW\RIDJULFXOWXUDOV\VWHPVLVEHFRPLQJDVLPSRUWDQWDVWKHLU
SURGXFWLYLW\ 2OHVHQ et al.  .DONXKO et al.  .QDSS 	 YDQ GHU
+HLMGHQ  1DMDIL et al.  7HPSRUDO LQWHUDQQXDO \LHOG VWDELOLW\ LV
LQIOXHQFHGE\ WKHFURSJHQRW\SH* WKHPDQDJHPHQW0RI WKH&6DQGWKH
ELRSK\VLFDOHQYLURQPHQW(DQGWKHLULQWHUDFWLRQVDVH[SUHVVHGE\WKHUHODWLRQ
*[([0DGDSWHGIURP*LOOHUet al.,
7KHUH DUH WZRPDLQ FRQWUDVWLQJ FRQFHSWV RI \LHOG VWDELOLW\ QDPHO\ WKH VWDWLF
DQG WKH G\QDPLF %HFNHU 	 /pRQ  ,Q WKH VWDWLF RU YDULDQFHEDVHG
FRQFHSW WKH PRVW VWDEOH JHQRW\SH PDLQWDLQV D FRQVWDQW \LHOG DFURVV
HQYLURQPHQWV ZKLOH WKH G\QDPLF RU UHJUHVVLRQEDVHG FRQFHSW LPSOLHV IRU D
VWDEOHJHQRW\SHD\LHOGUHVSRQVHLQHDFKHQYLURQPHQWWKDWLVDOZD\VSDUDOOHOWR
WKH PHDQ UHVSRQVH RI DOO WHVWHG JHQRW\SHV $QQLFFKLDULFR  :KLOH
VWDELOLW\DQDO\VLVZDVRULJLQDOO\XVHGWRDVVHVVWKHVWDELOLW\RIFURSJHQRW\SHV




E6W0DUWLQ et al.+RIIPDQQ et al.7LJFKHODDU et al.
:HEEHU et al.
*OREDO DYHUDJH WHPSHUDWXUHV KDYH ULVHQ E\ URXJKO\ & SHU GHFDGH VLQFH
 DQG WHPSHUDWXUH WUHQGV IURP  WR  H[FHHGHG RQH VWDQGDUG
GHYLDWLRQ RI KLVWRULF \HDUWR\HDU YDULDELOLW\ /REHOO et al. E 7KH
LQFUHDVHG FOLPDWH YDULDELOLW\ LV DOVR DVVRFLDWHG ZLWK D GHFUHDVHG VWDELOLW\ RI
FURS\LHOGV /REHOO	)LHOG3HOWRQHQ6DLQLR et al. 7UQND et al.
5D\ et al.1DMDIL et al.7LJFKHODDU et al.
7KHUH DUH RQO\ YHU\ IHZ VWXGLHV WKDW KDYH TXDQWLILHG \LHOG VWDELOLW\ RI JUDLQ
OHJXPHV +DZWLQ 	 +HEEOHWKZDLWH  3HOWRQHQ6DLQLR 	 1LHPL 
&HUQD\ et al.  ,Q DJULFXOWXUDO VWDWLVWLFV \LHOGV RI JUDLQ OHJXPHV ZHUH
IRXQG WR EH OHVV VWDEOH WKDQ RWKHU FURSV LQ (XURSH &HUQD\ et al. 
([LVWLQJVWXGLHVSURYLGHQRH[SODQDWLRQDERXWWKHFDXVHVIRUWKHORZVWDELOLW\
7KHUHIRUHWKHDVVHVVPHQWRI\LHOGVWDELOLW\LVSDUWLFXODUO\UHOHYDQWLQ(XURSHDQ
JURZQ JUDLQ OHJXPHV 7KH VXJJHVWHG FDXVHV IRU ORZ \LHOG VWDELOLW\ LQ JUDLQ
OHJXPHVFDQEHDVVRFLDWHGZLWKLWKHLQGHWHUPLQDWHJURZWKKDELWWKDWDOORZV
WKH FURS WR UHVSRQG WR JRRG FRQGLWLRQV VXFK DV KLJK ZDWHU DYDLODELOLW\ DQG
DGHTXDWH WHPSHUDWXUH 3LOEHDP et al.  RU WR VWRS JURZLQJ DQG
UHSURGXFLQJ LQ SRRU FRQGLWLRQV 6WRGGDUG et al.  LL %1) WKDW DIIHFWV
\LHOGDQGFDQEHUHGXFHGRUIDLOLQSRRUFRQGLWLRQV.HUPDK et al.DQG
LLL ORZ LQYHVWPHQW LQ EUHHGLQJ IRU \LHOG GLVHDVH UHVLVWDQFH DQG VWUHVV
WROHUDQFH0DJULQL et al.ZKLFKFRXOGLQIOXHQFHWKHKDUGLQHVVRISODQWV
ZKHQFRQIURQWHGZLWKVWUHVVHVDQGOHDGWRORZHU\LHOGVWDELOLW\
7R DVVHVV \LHOG VWDELOLW\ PDQ\ GLIIHUHQW UHJUHVVLRQ DQG YDULDQFHEDVHG
LQGLFDWRUV KDYH EHHQ SURSRVHG (EHUKDUW 	 5XVVHOO  %HFNHU 
%HFNHU	/pRQ +XHKQ (JKEDOO	3RZHU 3LHSKR 
'HKJKDQL et al.7KHUHLVDOVRDQH[WHQVLYHOLWHUDWXUHWKDWGHDOVZLWKWKH
FRPSDULVRQRIYDULRXVVWDELOLW\ LQGLFDWRUVHJ%HFNHU	/pRQ&URVVD
 )HUUHLUD et al.  $OO RI WKHVH LQGLFDWRUV DUH OHVV VXLWDEOH IRU WKH
FRPSDULVRQRI\LHOGVWDELOLW\EHWZHHQJUDLQOHJXPHVDQGRWKHUFURSVEHFDXVHRI
WKH ODUJH GLIIHUHQFHV LQ PHDQ \LHOG WKDW DUH QRW UHIOHFWHG LQ WKH DQDO\VLV ,Q
DGGLWLRQ LQWHUSUHWDWLRQ RI WKH UHVXOWV RI WKH VWDELOLW\ DQDO\VLV LV GLIILFXOW
EHFDXVH GLIIHUHQW LQGLFDWRUV PD\ OHDG WR FRQWUDVWLQJ FRQFOXVLRQV UHIOHFWLQJ
GLIIHUHQW FRQFHSWV RI VWDELOLW\ 'HKJKDQL et al.  DQG WKH FRPSOH[




	.DQQHQEHUJ.FKHQPHLVWHU et al.5D\ et al.'L0DWWHR 




ȝ DQG LV H[SUHVVHG DV D SHUFHQWDJH RI WKHPHDQ &9  ıȝ Â  7KH
FDOFXODWLRQRIWKH&9WDNHVLQWRDFFRXQWZKHQWKHVWDQGDUGGHYLDWLRQLQFUHDVHV
ZLWK WKH PHDQ E\ GLYLGLQJ LW E\ WKH PHDQ $SSO\LQJ WKH &9 LPSOLHV WKH
DVVXPSWLRQ WKDW WKH VWDQGDUG GHYLDWLRQ LQFUHDVHV OLQHDUO\ ZLWK WKH PHDQ
+RZHYHU '|ULQJ et al.  VKRZHG WKDW XQGHU FHUWDLQ FRQGLWLRQV WKH
XQJXDUGHG LQWHUSUHWDWLRQ RI WKH &9 RI FURS \LHOG GDWD PD\ EH PLVOHDGLQJ
HVSHFLDOO\ZKHQWKHFURS\LHOGGDWDVSDQVDODUJHQXPHULFUDQJH7KLVLVRIWHQ
WKH FDVH ZKHQ \LHOG GDWD IURP YDULRXV &6 ORFDWLRQV DQG FURS VSHFLHV DUH
FRPSDUHGRUZKHQ\LHOGGDWDLVDQDO\VHGRYHUORQJWLPHSHULRGVWKDWLQFOXGHDQ
LQFUHDVH LQ PHDQ \LHOGV ,Q WKHVH FDVHV WKH &9 RI FURS \LHOG GDWD WHQGV WR
GHFUHDVHZLWKLQFUHDVLQJPHDQ'|ULQJ et al..QDSS	YDQGHU+HLMGHQ
7KLV LVEHFDXVH WKH\LHOGGDWD IUHTXHQWO\ IROORZVDVSHFLILFSRZHUODZ
UHODWLRQVKLS EHWZHHQ WKH VDPSOH YDULDQFH ıð DQG WKH VDPSOH PHDQ ȝ 7KLV
SRZHUODZ UHODWLRQVKLS ıð  Aȝb LV NQRZQ DV 7D\ORU¶V 3RZHU /DZ 73/
/RJDULWKPLFWUDQVIRUPDWLRQRI73/UHVXOWVLQDOLQHDUUHODWLRQVKLSH[SUHVVHGDV
WKHHTXDWLRQORJıð abORJȝZLWKa ORJA73/ZDVGHVFULEHGE\WKH
%ULWLVK HFRORJLVW5R\7D\ORU 7D\ORU ZKRPDWKHPDWLFDOO\ GHULYHG WKH
UHODWLRQVKLS DQG D PHWKRG WR WUDQVIRUP VXFK GDWD 73/ KDV VLQFH WKHQ EHHQ
DSSOLHGLQKXQGUHGVRIGDWDVHWVIURPSRSXODWLRQHFRORJ\&RKHQ et al.
&RKHQ et al.DQGRWKHUVFLHQFHV(LVOHU et al.6LQFH73/KDVDOVR
EHHQIRXQGWRKROGZHOOLQFURS\LHOGGDWD'|ULQJ et al.5HFNOLQJ et al.
.QDSS	YDQGHU+HLMGHQ  FDXWLRQ LV QHHGHGZKHQ LQWHUSUHWLQJ
WKH&9RUDQ\RIWKHVWDELOLW\LQGLFDWRUVRIFURS\LHOGV,QPRVWFURS\LHOGGDWD
VHWV DQDO\VHG D 73/OLNH UHODWLRQVKLSV EHWZHHQPHDQ DQG YDULDQFH KDV EHHQ
IRXQG '|ULQJ et al.  DQG WKH&9 V\VWHPDWLFDOO\ GHFUHDVHV QRQOLQHDUO\
ZLWKLQFUHDVLQJPHDQ
:LWK DQ\ RI WKH H[LVWLQJ \LHOG VWDELOLW\ LQGLFDWRUV WKHUH UHPDLQ WZR
PHWKRGRORJLFDO FKDOOHQJHV LQ WKH DVVHVVPHQW RI \LHOG VWDELOLW\ 7KH ULVN RI
GHSHQGHQFHRQPHDQ\LHOGDQGWKHULVNRIDVFDOHDQGDJJUHJDWLRQELDV
6LQFH JUDLQ OHJXPHV DUH JHQHUDOO\ JURZQ RQ VPDOOHU DUHDV WKDQ FHUHDOV DQG
RWKHUFURSVDJJUHJDWHG\LHOGGDWDIURPQDWLRQDOVWDWLVWLFVLVOHVVVXLWDEOHIRUWKH
FRPSDULVRQRIJUDLQ OHJXPH\LHOG VWDELOLW\ZLWKRWKHUFURSV<LHOGGDWD IURP
ORQJWHUPILHOGH[SHULPHQWV /7(PLJKWEHPRUHVXLWDEOHEHFDXVHWKH\RIIHU
\LHOG GDWD RI OHJXPHV DQG RWKHU FURSV XQGHU UHODWLYHO\ FRQWUROOHG FRQGLWLRQV
RYHUORQJWLPHSHULRGV6WW]HO et al.
7RDVVHVVZKHWKHU\LHOGVRIJUDLQOHJXPHVDUHPRUHRUOHVVVWDEOHWKDQWKRVHRI







7KH SURGXFWLRQ RI OHJXPHEDVHG SURWHLQ LQ (XURSH FDQ EH LQFUHDVHG E\
LQFUHDVLQJ \LHOGV RI JUDLQ OHJXPHV DQG E\ LQFUHDVLQJ WKH DUHD XVHG IRU WKHLU
SURGXFWLRQ7KLVFDQEHDFKLHYHGE\WKHGHYHORSPHQWRIYDOXHFKDLQVWRFUHDWH
PDUNHWVIRUPRUHSURWHLQSURGXFWV0H\QDUG et al.DQGE\LPSURYLQJWKH
DJURQRP\ RI JUDLQ OHJXPHV 7KH PDLQ FKDOOHQJH KHUH LV DQ DJURQRPLF
DGYDQFHPHQWZLWKSUDFWLFDOLPSDFWDQGORFDODGDSWDWLRQE\LQYROYLQJIDUPHUV
7KLVFDQEHDFKLHYHG WKURXJKFRGHVLJQ WKDW LVGHILQHGDV LQYROYLQJGLIIHUHQW
VWDNHKROGHUV LQ WKH FROOHFWLYH H[SORUDWLRQ RI VROXWLRQV WR D FRPPRQ SUREOHP
DQGVHHNVWREXLOGDQGPDLQWDLQDVKDUHGFRQFHSWLRQRIWKHGHVLJQSUREOHPWR
DOORZFROODERUDWLRQ%HUWKHW et al.
$FFRUGLQJ WR'RUp et al.  DJURQRPLF UHVHDUFK LQ WKHSDVW KDV IRFXVHG
PDLQO\ RQ RXWSXWV IURP VLPXODWLRQ VWXGLHV DQG VWDWLVWLFDO K\SRWKHVLV WHVWLQJ
ZLWK HPSLULFDO GDWD IURP H[SHULPHQWV WKDW ZHUH PDLQO\ FRQGXFWHG RQ
H[SHULPHQWDO VWDWLRQV 7KH UHVXOWV FOHDUO\ DGYDQFHG DJULFXOWXUDO UHVHDUFK DQG




EHHQ VXIILFLHQWO\ XVHG IRU DFKLHYLQJ SUDFWLFDO LPSDFW 'RUp et al. 
VXJJHVWHG WKDW LQ RUGHU WR DGYDQFH&6 UHVHDUFKPRUH VRXUFHV RI NQRZOHGJH
QHHGWREHXWLOLVHGLPDNLQJXVHRIUHFHQWDGYDQFHVLQSODQWVFLHQFHVHJLQ
FURS PRGHOOLQJ LL OHDUQLQJ OHVVRQV IURP WKH IXQFWLRQLQJ RI QDWXUDO
HFRV\VWHPVHJIURPH[SHULPHQWVDQGLLLPDNLQJPRUHXVHRIORFDOIDUPHUV¶
NQRZOHGJHWKURXJKRQIDUPWULDOVVXUYH\VDQGSDUWLFLSDWRU\UHVHDUFK
0RGHOV DUH RIWHQ XVHG LQ SXUHO\ DFDGHPLF GHVLJQ VWXGLHV ([FHSWLRQV DUH
)DUP'(6,*1 *URRW et al.  WKDWZDV XVHG IRU WKHZRUNZLWK IUDPHUV
SURGXFLQJ UHVXOWV RQ SURGXFWLYLW\ DQG HIILFLHQFLHV DW WKH IDUPVFDOH2YHUDOO




6XE6DKDUDQ $IULFD 0$6& 6DGRN et al. E IRU WKH VXVWDLQDELOLW\
DVVHVVPHQWZLWKVWDNHKROGHUVDQG52725%DFKLQJHU	=DQGHUIRUWKH
GHVLJQRIRUJDQLF&6ZLWKOHJXPHVWRJHWKHUZLWKIDUPHUVDQGDGYLVRUV
7KHUH DUH GLIIHUHQW RSWLRQV IRU SDUWLFLSDWLRQ RI IDUPHUV LQ DJURQRPLF
H[SHULPHQWV &DWDORJQD et al.  )ROORZLQJ WKH FRGHVLJQ DSSURDFK
IDUPHUVDUHLQYROYHGLQIRUPXODWLQJWKHUHVHDUFKTXHVWLRQVDQGK\SRWKHVHVWKDW
DUH WHVWHG LQ RQVWDWLRQ H[SHULPHQWV DQG LQ WKH LQWHUSUHWDWLRQ RI WKH UHVXOWV


GXULQJ ILHOG GD\V $QRWKHU RSWLRQ LV ZKHQ IDUPHUV H[SHULPHQW RQ WKHLU RZQ
IDUPV&DWDORJQD et al.)DUPHUPDQDJHGWULDOVDUHDNH\HOHPHQWLQFR
GHVLJQE\LQYROYLQJIDUPHUVVFLHQWLVWVDQGRWKHUVWDNHKROGHUVIURPWKHGHVLJQ
VWDJHWRWKHHYDOXDWLRQVWDJH6XPEHUJ et al.6LQFODLU&DWDORJQD 
et al.([DPSOHVRIRQIDUPWULDOVDUHWKHH[SHULPHQWDWLRQZLWKRUJDQLF
DQG DJURHFRORJLFDO SUDFWLFHV &DWDORJQD et al.  WKH HYDOXDWLRQ RI FURS
FXOWLYDUV6FKPLGW et al.WKHDGDSWLRQRI&6WRFOLPDWHFKDQJH%ORFK et 
al.  DQG WKHXQUDYHOOLQJ RI WKH FDXVHV RI YDULDELOLW\ LQ FURS \LHOGV DQG
WUHDWPHQW UHVSRQVHV ZLWK H[DPSOHV PDLQO\ IURP $IULFD )DOFRQQLHU et al.
)UDQNH et al.5RQQHU et al.YDQ9XJW et al.
7KH'((' 'HVFULEH ([SODLQ ([SORUH'HVLJQ UHVHDUFK F\FOH LV D JHQHUDO
FRQFHSWXDO IUDPHZRUN IRU WKH GHVLJQ RI &6 ZKLFK RSHUDWLRQDOL]HV V\VWHPV
DJURQRP\*LOOHU et al.7KLVLQYROYHVSDUWLFLSDWRU\ZRUNZLWKIDUPHUV
PRGHOOLQJ DQG H[SHULPHQWDWLRQ7KH'(('F\FOH VXSSRUWV WKHXQGHUVWDQGLQJ
RIWKHFRPSOH[LW\RIIDUPLQJDQGWKHJHQHUDWLRQRIWDLORUHGRSWLRQVWRUHGHVLJQ
WKH &6 RI LQGLYLGXDO IDUPHUV 7KH F\FOH FRQVLVWV RI IRXU VWHSV L 'HVFULEH
FXUUHQWSURGXFWLRQV\VWHPVDQGWKHLUFRQVWUDLQWVLL([SODLQWKHFRQVHTXHQFHV
RI FXUUHQW IDUP PDQDJHPHQW LLL ([SORUH RSWLRQV IRU DJURWHFKQRORJLFDO
LPSURYHPHQW DQG LY 'HVLJQ LPSURYHG PDQDJHPHQW V\VWHPV *LOOHU et al.
7KHF\FOHLVXVHGIRUFROHDUQLQJE\IDUPHUVDGYLVRUVDQGDJURQRPLVWV
WR LGHQWLI\ ZKLFK RSWLRQV ¿W EHVW 7KXV LW SURYLGHV D IDUPVSHFLILF VROXWLRQ
UDWKHU WKDQ D µVLOYHU EXOOHW¶ *LOOHU et al.  E\ XVLQJ D FRPELQDWLRQ RI
PHWKRGVDYDLODEOH WRDJURQRPLVWV VXFKDVFURS URWDWLRQPRGHOOLQJRQVWDWLRQ
DQG RQIDUP UHVHDUFK 'HVFKHHPDHNHU et al.  7KH LQYROYHPHQW RI WKH
DFWRUV LQ DOO VWHSV RI WKH F\FOH VXSSRUWV WKH ORFDO UHOHYDQFH RI WKH GHVLJQHG
RSWLRQV)DOFRQQLHU et al.6LQFODLU:KLOHVXFKSDUWLFLSDWRU\ZRUN
LVFRPPRQZLWKVPDOOKROGHUIDUPHUVLQ6XE6DKDUDQ$IULFDDQG/DWLQ$PHULFD
'RJOLRWWL et al. 'HVFKHHPDHNHU et al.  )DOFRQQLHU et al. 
5RQQHU LWKDVEHHQIDU OHVVXVHG LQ WKHGHYHORSPHQWRIDJULFXOWXUH LQ
(XURSH3URVW et al.
&RGHVLJQKDVWKHSRWHQWLDOIRULPSURYLQJWKHDJURQRP\RIJUDLQOHJXPHVZLWK







7KH DLPRI WKH WKHVLVZDV WRdesign OHJXPHVXSSRUWHG FURSSLQJ V\VWHPVDQG
















RWKHU FURSV XVLQJ ILHOGOHYHO GDWD IURP ORQJWHUP ILHOG H[SHULPHQWV IURP
QRUWKHUQ(XURSHDQGE\DFFRXQWLQJIRU7D\ORU¶V3RZHU/DZ3DSHU,9

 'HVFULEH DQG H[SODLQ IDUPHUV¶ SHUFHLYHG FRQVWUDLQWV DQG RSSRUWXQLWLHV IRU
JUDLQ OHJXPH SURGXFWLRQ H[SORUH WHFKQLFDO RSWLRQV DW WKH ¿HOG VFDOH












RI WKH V\VWHP XQGHU VWXG\ YDQ ,WWHUVXP et al.  7R IDFLOLWDWH WKH
LQWHJUDWHGDQDO\VLVRIDJULFXOWXUDOV\VWHPVDVHOHFWLRQRIPHWKRGVIURPV\VWHPV
DQDO\VLV ZDV XVHG LH PRGHOOLQJ H[SHULPHQWV VWDWLVWLFV DQG SDUWLFLSDWRU\
DSSURDFKHV 7DEOH ,Q3DSHU ,D&6PRGHOZDVGHYHORSHG WRJHQHUDWHDQG
HYDOXDWH &6 LQ D SDUWLFLSDWRU\ SURFHVV ZLWK DGYLVRUV DQG DJURQRPLVWV 7KH
PRGHO ZDV WKHQ XVHG WR LGHQWLI\ WUDGHRIIV EHWZHHQ HFRQRPLF DQG




JUDLQ OHJXPHVFRPSDUHG WRRWKHUFURSVSHFLHVXVLQJ\LHOGGDWD IURP/7(V LQ
3DSHU,9)LQDOO\DSDUWLFLSDWRU\UHVHDUFKF\FOHZDVLPSOHPHQWHGWRUHGHVLJQ
&6ZLWKJUDLQ OHJXPHVXVLQJ VXUYH\V FURSPRGHOOLQJ ILHOG H[SHULPHQWV DQG
VLPSOLILHGRQIDUPWULDOV3DSHU9
7DEOH 6HOHFWLRQRIPHWKRGVIURPIDUPLQJV\VWHPVDQDO\VLVDSSOLHGLQWKLVWKHVLV  
 0RGHOOLQJ ([SHULPHQWV 6WDWLVWLFV 3DUWLFLSDWRU\PHWKRGV
3DSHU, ;   ;
3DSHU,, ;   ;
3DSHU,,,   ; 
3DSHU,9  ; ; 












Figure 1.The allocation of Paper I-V in two dimensions, from assessment of cropping systems to 
design, and from field to farm scale. The dashed arrows show the connection between the papers 
along the two dimensions of the graph.  
7KHGHYHORSHGIUDPHZRUN3DSHU,ZDVXVHGWRDVVHVVWKHHQYLURQPHQWDODQG
HFRQRPLFLPSDFWVDWWKH&6VFDOHXVLQJGDWDIURPWKHILHOGVFDOHDQGDOORZLQJ
LQWHUSUHWDWLRQV DW WKH IDUP VFDOH ,Q SDSHU ,, WKH IUDPHZRUN ZDV DSSOLHG WR
DVVHVV &6 DQGPRWLYDWHG WKH FRGHVLJQ DW WKH IDUP OHYHO 3DSHU9 DQG WKH
GHYHORSPHQW DQG DSSOLFDWLRQ RI WKH \LHOG VWDELOLW\ LQGLFDWRU DW WKH ILHOG OHYHO
3DSHU,,,,9,Q3DSHU9SUDFWLFHVZHUHLGHQWLILHGWKDWSRWHQWLDOO\LQFUHDVHWKH
\LHOG VWDELOLW\ RI JUDLQ OHJXPHV TXDQWLILHG LQ 3DSHU ,9 DQG RSWLRQV IRU
LPSURYLQJ WKH HFRQRPLF DQG DJURQRPLF LPSDFWVZHUH H[SORUHG LGHQWLILHG LQ
3DSHU,,E\UHGHVLJQLQJ&6ZLWKDIRFXVRQIDUPVFDOHFRQVLGHUDWLRQV







LPSDFWV RI &6 RQ D VHW RI HQYLURQPHQWDO DQG HFRQRPLF LQGLFDWRUV WDNLQJ
URWDWLRQV DQG GLIIHUHQFHV LQ FURS PDQDJHPHQW LQWR DFFRXQW 3DSHU , 7KH
IUDPHZRUN IROORZV WKUHHPDLQ VWHSV Lgenerate crop rotations XVLQJ D UXOH
EDVHGURWDWLRQJHQHUDWRULLcalculate the impact of crop production activities
XVLQJ VWDWLF HQYLURQPHQWDO DQG HFRQRPLF LQGLFDWRUV DQG LLL assess and 
compare cropping systems7KHLQGLFDWRUVZHUHXVHGLQPXOWLFULWHULDDQDO\VHV
IRU WKH LGHQWLILFDWLRQ RI WUDGHRIIV EHWZHHQ HFRQRPLF DQG HQYLURQPHQWDO





RI VLWHVSHFLILF DJURQRPLF UXOHV L FURS WR FURS VXLWDELOLW\ LL PD[LPXP
IUHTXHQF\RIDFURSLQWKHURWDWLRQLLLPLQLPXPEUHDNEHWZHHQWKHVDPHFURS
DQG LY PD[LPXP IUHTXHQF\ RI FURSV RI WKH VDPH FURS W\SH $JURQRPLVWV
GHILQH WKH FURSV LQWHQGHG WR EH DVVHVVHG VXFK DV FURSV FXUUHQWO\ JURZQ DQG
SRWHQWLDO QRYHO FURSV DQG WKHQ GHILQH WKH UHVWULFWLRQ YDOXHV 7KH URWDWLRQ
JHQHUDWRU FRPELQHV DOO GHILQHG FURSV WR SURGXFH DOO SRVVLEOH  WR \HDU
VHTXHQFHVIROORZLQJWKHUHVWULFWLRQFULWHULDDQGUHPRYHVDOOSRVVLEOHGXSOLFDWHV
DQGPXOWLSOHV,QDQLWHUDWLYHSURFHVVWKHJHQHUDWHGURWDWLRQVDUHHYDOXDWHGE\
H[SHUWV WKH UHVWULFWLRQ YDOXHVPRGLILHG HJ ZKHQ FRPPRQ URWDWLRQV DUH QRW





&3$ LQFOXGHV SDUDPHWHUV RI WKHPDLQ FURS WKH SUHFHGLQJ FURS DQG WKH VLWH
VSHFLILF PDQDJHPHQW &3$V DUH VWRUHG LQ D GDWDEDVH ZLWK PDQDJHPHQW GDWD
JHQHUDWHG IURP VWUXFWXUHG VXUYH\V DPRQJ  H[SHULHQFHG DJURQRPLVWV SHU
VWXG\ UHJLRQ DQG LQFOXGH LQSXW GDWD FURS \LHOG DQG PDQDJHPHQW
FKDUDFWHULVWLFV5RWDWLRQDO HIIHFWV DUH FRQVLGHUHGRQDSUHFURSEDVLV([SHUWV
HVWLPDWHWKHH[SHFWHGLQIOXHQFHRIRQHFURSRQWKHQH[WLHWKHSUHFHGLQJFURS








¾ 1LWURJHQ IHUWLOL]HU HIILFLHQF\ LV FDOFXODWHG DV WKH UDWLR RI WKH1 RXWSXW LQ
KDUYHVWHG JUDLQ RU ELRPDVV WR WKH 1 LQSXW IURP PLQHUDO DQG RUJDQLF
IHUWLOL]HU
¾ 1LWURJHQ IHUWLOL]HU XVH LV FDOFXODWHG DV WKH 1 DSSOLHG IURP RUJDQLF DQG
PLQHUDO1IHUWLOL]HU
¾ 1LWURXVR[LGH HPLVVLRQ IURPFURS FXOWLYDWLRQ LV FDOFXODWHGZLWK WKH ,3&&
 7LHU  PHWKRGRORJ\ ,3&&  LQFOXGLQJ GLUHFW DQG LQGLUHFW
HPLVVLRQIURPIHUWLOL]HUPDQXUHDQGFURSUHVLGXHV
¾ *URVV PDUJLQV DUH FDOFXODWHG E\ VXEWUDFWLQJ YDULDEOH FRVWV IURP WKH
UHYHQXHV)L[HG DQG ODERU FRVWV VXEVLGLHV LQWHUHVW DQGFRVW RI LQVXUDQFHV
DUHQRWWDNHQLQWRDFFRXQW
¾ ,QIHVWDWLRQ ULVNV DUH DVVHVVHG IRU HDFK FURS FRQFHUQLQJ VHOHFWHG SHVWV





\HDU EDVLV 7KH HYDOXDWHG &6 DUH WKHQ JURXSHG GHSHQGLQJ RQ WKH UHVHDUFK
REMHFWLYH HJ LQWR µDUDEOH V\VWHPV¶ RU µPL[HG V\VWHPV¶ µZLWK OHJXPHV¶ RU
µZLWKRXWOHJXPHV¶7KHRXWSXWVRIWKH&6FDQWKHQEHDQDO\]HGHJE\SORWWLQJ
HQYLURQPHQWDO LPSDFWV DJDLQVW HFRQRPLF LPSDFWV RU E\ FRPSDULQJ WKHPHDQ
LPSDFWEHWZHHQGLIIHUHQWV\VWHPV
$SSOLFDWLRQRIWKHIUDPHZRUNWROHJXPHV
)RU WKLV WKHVLV WKH IUDPHZRUNZDVXVHG WR DVVHVV DUDEOH DQGPL[HG&6ZLWK
DQGZLWKRXW OHJXPHVDQGZDVILUVW WHVWHGLQWZRFDVHVWXG\UHJLRQV3DSHU,
QDPHO\%UDQGHQEXUJLQQRUWKHDVWHUQ*HUPDQ\DQG9lVWUD*|WDODQGLQVRXWK
ZHVWHUQ6ZHGHQ )LJXUH ,WZDV WKHQDSSOLHG LQ WKUHHPRUH UHJLRQVDFURVV
(XURSH 3DSHU ,, HDVWHUQ 6FRWODQG LQ WKH 8QLWHG .LQJGRP &DODEULD LQ
VRXWKHUQ ,WDO\ DQG 6XG0XQWHQLD LQ 5RPDQLD )LJXUH  7KH UHJLRQV KDYH
FRQWUDVWLQJFOLPDWLFFRQGLWLRQVDQG&6DQGZHUHVHOHFWHGWRUHSUHVHQWDEURDG
UDQJH RI ELRSK\VLFDO DQG VRFLRHFRQRPLF FRQGLWLRQV DQG SRVVLEOH UROHV RI
OHJXPHSURGXFWLRQ

Figure 2.The case study regions at NUTS 2 level across Europe (Paper I-II). This map includes 
data produced by European National Mapping and Cadastral Agencies @ EuroGeographics.
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Figure 3.Linear regression of log10 of mean against log10 of variance for global yield data for 
rye, following Taylor’s Power Law (Paper III). The regression follows y = a + bx with a = -1.93 
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YDULDWLRQWKHGHSHQGHQFHRIWKH&9IURPWKHPHDQLVUHPRYHGVRWKDWWKHQHZ
VORSHbDGM EHWZHHQ ORJPHDQ DQG DGMXVWHG ORJYDULDQFH HTXDOVbDGM    VHH
HTQDVDFRQVHTXHQFHɊො i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 Ɋො௜଴ 7KLVLVYLVXDOL]HGLQ3DSHU,,,
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,Q 3DSHU ,,, QDWLRQDO \LHOG GDWD VWRUHG LQ WKH )RRG DQG $JULFXOWXUH
2UJDQL]DWLRQGDWDEDVH)$26WDW)$267$7IRUZKHDWDQGU\HSecale 
cereal /ZHUH DQDO\VHG WR UHSUHVHQW FURS \LHOG YDULDWLRQ DW D QDWLRQDO OHYHO
DFURVVWKHJOREH2QO\FRXQWULHVZLWKDFRPSOHWHVHWRI\LHOGGDWDRYHUWKHILIW\
\HDU SHULRG ZHUHXVHG LQ WKH DQDO\VLV )XUWKHU H[FOXVLRQ FULWHULD
ZHUH FRQVLGHUHG DV H[SODLQHG LQ 3DSHU ,,, )RU ZKHDW DQG U\H WKHVH ILOWHUV
UHVXOWHGLQDILQDOGDWDVHWRIFURS\LHOGVIURPDQGFRXQWULHVUHVSHFWLYHO\
7KH\LHOGGDWDZHUHJURXSHGLQWRILYHFRQVHFXWLYHGHFDGHV




OHJXPHV FRPSDUHG WR RWKHU VSHFLHV /RQJWHUP H[SHULPHQWV IURP WKH8QLWHG
.LQJGRP 6ZHGHQ DQG *HUPDQ\ )LJXUH  ZHUH FKRVHQ DQG WKH \LHOG GDWD
RYHU\HDUVZDVXVHGWRHVWLPDWHWKHPHDQɊොDQGYDULDQFHɐෝ;RYHU
\HDU SHULRGV UHSUHVHQWLQJ WKH FURS URWDWLRQ OHQJWK ,Q WRWDO WKH H[SHULPHQWV
SURYLGHG  VLWH\HDU FRPELQDWLRQV:LWK UHJDUG WR FURS VSHFLHV DQG FURS
JURXSVGDWDVHWVZHUHEDODQFHGLHDWDQ\RQHVLWHHDFKFURSVSHFLHVDQGFURS
JURXSZDVJURZQHYHU\\HDUDOORZLQJDQDO\VLVZLWKLQVLWHVDQGEHWZHHQVLWHV
Figure 4. The experimental sites across northern Europe (Paper IV). This map includes data 
produced by European National Mapping and Cadastral Agencies @ EuroGeographics.
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VSULQJZKHDWZLQWHUEDUOH\ZLQWHUU\HZLQWHUVSHOWZLQWHUWULWLFDOHDQGZLQWHU
ZKHDW DQG µEURDGOHDYHG FURSV¶ ZLWK SRWDWR VXJDU EHHW DQG ZLQWHU RLOVHHG
UDSH µ6SULQJVRZQ FURSV¶ LQFOXGHG SRWDWR VXJDU EHHW JUDLQ OHJXPHV DQG
VSULQJ FHUHDOV DQG µDXWXPQVRZQ FURSV¶ ZLQWHU FHUHDOV DQG ZLQWHU RLOVHHG
UDSH
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PL[HG HIIHFWVPRGHOZLWK WKH lme IXQFWLRQ LQ5 XVLQJ FRXQWU\ DV D UDQGRP
IDFWRU DQG GHFDGH DV D IL[HG IDFWRU 3LHSKR et al.  ,Q SDSHU ,9





VFLHQWLVWV WKDW ZHUH SDUW RI RU DVVRFLDWHG ZLWK WZR ODUJH JUDLQ OHJXPH
GHPRQVWUDWLRQQHWZRUNV VXSSRUWHG WKURXJK WKH*HUPDQSURWHLQFURS VWUDWHJ\
WKH VR\EHDQ QHWZRUN ZZZVRMDIRHUGHUULQJGH DQG WKH OXSLQ QHWZRUN
ZZZOXSLQHQQHW]ZHUNGH 7KH QHWZRUNV FRPSULVHG D WRWDO RI DURXQG 
IDUPV DFURVV *HUPDQ\ RI ZKLFK  IDUPVZHUH LQYROYHG LQ WKLV VWXG\ 7KH
RUJDQLFIDUPVZHUHPHGLXPWRODUJHVFDOHDQGPDLQO\PL[HGZLWKDUDEOHDQG
OLYHVWRFN DFWLYLWLHV )DUPHUV ZHUH LQWHUHVWHG DQG RSHQ WR LQQRYDWLRQV
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UDLQIDOO RI DURXQGPP*UDLQ OHJXPHVZHUH FXOWLYDWHGRQ KD LQ
WKHVWXG\DUHDLQUHSUHVHQWLQJDQGRIWKHWRWDODUDEOHODQGLQ
WKH ZHVWHUQ DQG HDVWHUQ SDUWV UHVSHFWLYHO\ LQ  '(67$7,6  1/
OXSLQZDVJURZQRQKDDQGVR\EHDQRQKDLQWKHHQWLUHVWXG\DUHD
LQ '(67$7,62Q WKH IDUPV VLPSOLILHGRQIDUP WULDOVZHUH
HVWDEOLVKHGDQGGDWDFROOHFWHGIRUWKHFURSURWDWLRQPRGHOOLQJDQGRQIDUPHUV¶
RSSRUWXQLWLHV DQG FRQVWUDLQWV DQG ILHOG H[SHULPHQWVZHUH HVWDEOLVKHG RQ RQH
H[SHULPHQWDOUHVHDUFKVWDWLRQ)LJXUH
Figure 5.Map of the case study area in northern Germany (Paper V).Location of the farms 
participating in the on-farm research and crop rotation modelling, and the location of the on 
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Figure 6.Gross margin plotted against N2O emissions for arable cropping systems with (red 
circles) and without legumes (green squares) in Brandenburg (Paper I).
7KH LPSDFWV RI OHJXPHV RQ HFRQRPLF DQG HQYLURQPHQWDO VHUYLFHV ZHUH
GLIIHUHQWLQHDFKFDVHVWXG\UHJLRQDQGWKHIUDPHZRUNDOORZHGWKHFRPSDULVRQ
RIVSHFLILF&67KHµFXUUHQW IDUPLQJ¶ V\VWHP WHQGHG WRKDYH ODUJHU WUDGHRIIV
WKDQWKHPDMRULW\RIWKHJHQHUDWHGV\VWHPVZLWKKLJKHUHPLVVLRQVDQGUHODWLYHO\
KLJK JURVVPDUJLQV VHH )LJXUH ZLWK DQ H[DPSOH IRU %UDQGHQEXUJ DQG WKH
VSLGHUFKDUWVLQ3DSHU,,IRUDOORWKHUUHJLRQV7KHµHFRQRPLFHQYLURQPHQWDO¶
RSWLPXP V\VWHP ZLWK OHJXPHV VHH VHFWLRQ  IRU WKH VHOHFWLRQ FULWHULD
VLJQLILFDQWO\UHGXFHGWUDGHRIIV2QDYHUDJHDFURVVWKHILYHFDVHVWXG\UHJLRQV
WKHµHFRQRPLFHQYLURQPHQWDO¶RSWLPXPV\VWHPZLWKOHJXPHVKDGORZHU
HQYLURQPHQWDO LPSDFWV FRPELQLQJ DOO 1UHODWHG LPSDFWV DQG   KLJKHU
JURVVPDUJLQVFRPSDUHGWRµFXUUHQWIDUPLQJ¶,WZDVRQO\LQ%UDQGHQEXUJDQG



























Figure 7.Multi-criteria assessment of arable and mixed cropping systems in Brandenburg (Paper 
II).Comparison of current farming (blue line), economic-environmental optimum system with 
legumes (green line) and without legumes (red line), and the mean impact (black line).Values are 
the ratio of the single impact relative to the average impact calculated for that indicator across 
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DGMXVWHG5ð 3VHH)LJXUH$DVDQH[DPSOH7KHUHZDVD
KLJKO\ VLJQLILFDQW OLQHDU UHODWLRQVKLS EHWZHHQ ORJPHDQ DQG ORJYDULDQFH LQ
DOO WKUHH GDWD VHWV DQG LQ DOO FDVHV 73/ZDV YDOLG ZLWK UHJUHVVLRQ VORSHV b
EHLQJ!EXWVHH3DSHU,,,DQG,9
:KLOHWKH&9ZDVGHSHQGHQWRQPHDQ\LHOGWKHD&9REWDLQHGE\DSSO\LQJ
73/ZDV LQGHSHQGHQW RI \LHOG LQ DOO WHVWHG GDWD VHWV VHH )LJXUH  % DV DQ
H[DPSOH VKRZLQJ WKDW WKLV QHZ LQGLFDWRU FDQ EH XVHG WR HVWLPDWH \LHOG
VWDELOLW\LQGHSHQGHQWRIWKHPHDQIRUGLIIHUHQWDSSOLFDWLRQV

Figure 8.Relationship between yield and (A) the standard coefficient of variation (CV) and (B) 
the adjusted CV (Paper IV).Each data point represents the mean and variance of an 8-year 
period from long-term experiments for grain legumes (n = 100, red circles), broad-leaved crops 
(n = 96, blue triangles) and cereals (n = 275, green squares). The relationship is shown with a 
logarithmic regression line over all groups of crops (n=471).  
$JOREDO WUHQGRIGHFUHDVLQJFHUHDO \LHOG VWDELOLW\RYHU WLPHZDVGHWHFWHGE\
DSSO\LQJWKHDGMXVWHG&9DQGWKLVWUHQGZDVFDSWXUHGOHVVIRUU\HDQGQRWDWDOO
IRUZKHDWZLWKWKHVWDQGDUG&97DEOH7KHD&9ZDVUHOHYDQWEHFDXVHWKLV










































7DEOH  5HODWLRQVKLS EHWZHHQ WLPH GHFDGH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Figure 9. Yield stability of different crop groups estimated with the adjusted coefficient of 
variation (Paper IV). Comparison between spring-sown broad-leaved crops (sBL) (n = 75), 
spring-sown grain legumes (sGL) (n = 100), spring-sown cereals (sCR) (n = 117) and autumn-
sown cereals (aCR) (n = 158). In each boxplot, the median is the black bar, the box covers the 
interquartile range, the whiskers cover the entire range of data, and circles indicate potential 
outliers.
2YHUDOOXVLQJWKHD&9\LHOGVRIDXWXPQVRZQFURSVZHUHSRLQWVPRUH
VWDEOH WKDQ VSULQJVRZQ FURSV 3  DQG WKH JUDLQ OHJXPH \LHOGVZHUH
PRUHVWDEOHWKDQ\LHOGVRIRWKHUEURDGOHDYHGFURSV3 7KHUHZDVQR
GLIIHUHQFH LQ \LHOG VWDELOLW\ EHWZHHQ JUDLQ OHJXPHV DOO VSULQJ VRZQ DQG DOO






















Figure 10. DEED framework for re-designing cropping systems (Paper V). The co-learning 
process with farmers, advisors and scientists, with an example for the development of soybean 
production.
7KHZRUNVKRSDWWKHVWDUWRIWKHUHVHDUFKF\FOHVKRZHGWKDWIDUPHUVKDYHOLWWOH
H[SHULHQFHZLWK VR\EHDQSURGXFWLRQ DQG OLWWOHNQRZOHGJHRIZKDW\LHOGVDQG
JURVVPDUJLQVFRXOGEHH[SHFWHGFRPSDUHGWRRWKHUFURSV:KLOHKLJK\LHOGVRI
VR\EHDQ RI XS WR  W KD ZHUH SRVVLEOH RQ IDUPHUV¶ ILHOGV WKH\ ZHUH QRW
DOZD\V DFKLHYHG DQG GLG QRW DOZD\V OHDG WR VXIILFLHQW UHYHQXHV 7KHUHIRUH
DOWHUQDWLYH FXOWLYDUV IRU GLIIHUHQWPDUNHWV DQG LUULJDWLRQ DVPHDQV WR VWDELOL]H


\LHOGV ZHUH H[SORUHG LQ RQIDUP WULDOV DQG RQVWDWLRQ ILHOG H[SHULPHQWV DV
SRVVLEOHDOWHUQDWLYHV
7KH WULDOV DQG H[SHULPHQWV UHYHDOHG WKDW WKHUH ZHUH DGYDQWDJHV RI JURZLQJ
VR\EHDQFXOWLYDUVIRUERWKIHHGDQGIRRGPDUNHWVLQWKHVDPH\HDUUDWKHUWKDQ
IRU MXVW RQH RI WKHVHPDUNHWV EHFDXVH KLJKHU SULFHV DUH SDLG IRU IRRGJUDGH
VR\EHDQEXWWKH\LHOGVIRUWKHIRRGFXOWLYDUVDUHRIWHQORZHUDQGGRQRWDOZD\V
OHDG WR KLJKHU JURVV PDUJLQV ,UULJDWLRQ LQFUHDVHG \LHOGV VLJQLILFDQWO\ LQ GU\
\HDUV EXWQRW LQZHW \HDUV DQG7KHFRPSDULVRQRI
VR\EHDQ ZLWK 1/ OXSLQ UHYHDOHG ODUJHU DYHUDJH JUDLQ DQG SURWHLQ \LHOGV IRU




HFRQRPLFSRWHQWLDO DW OHDVW IRURUJDQLF IDUPLQJ ,WZDV VKRZQ WKDWJURZLQJ
VR\EHDQFXOWLYDUVIRUIRRGDQGIHHGZRXOGUHGXFHULVNDQGWKDWUDLQIHGVR\EHDQ
FXOWLYDWLRQ LV SRVVLEOH EXW WKDW IOH[LEOH LUULJDWLRQ LQ GU\ \HDUV LV D XVHIXO
VWUDWHJ\WRLQFUHDVH\LHOGV
,QWRWDOQLQHSUDFWLFHVZHUHLGHQWLILHGDVVXFFHVVIXODOWHUQDWLYHVE\VFLHQWLVWVLQ
























UHGXFH ULVN ,W UHTXLUHV JRRG NQRZOHGJH RI WKH DJURQRPLF SDUDPHWHUV RI
GLIIHUHQWFXOWLYDUVDQGFRQWLQXHGWHVWLQJ













,Q FRQWUDVW WR RWKHU &6 PRGHOV WKDW JHQHUDWH URWDWLRQV VXFK DV 52725
%DFKLQJHU	=DQGHUDQG35$&71DXGLQ et al.WKHIUDPHZRUN
LQ WKLV WKHVLV JHQHUDWHG URWDWLRQV DQG HYDOXDWHG FURS SURGXFWLRQ DFWLYLWLHV DV
WZRVHSDUDWHVWHSVEHIRUHPHUJLQJWKHPWR&67KHPRGHOVPHQWLRQHGDERYH
FDQ SURGXFH RQO\ &6 WKDW DUH EDVHG RQ WKH IL[HG VHW RI DYDLODEOH FURS
SURGXFWLRQDFWLYLWLHVGHILQHGLQWKHPRGHOGDWDEDVH7KHVHSDUDWLRQRIWKHWZR
VWHSV LQ WKH IUDPHZRUN DOORZHG WKH JHQHUDWLRQ RI QRYHO &6 WKDW ZHUH QRW
SUHYLRXVO\ FRQVLGHUHG $ SDUWLFXODU VWUHQJWK LV WKDW LW LQYROYHV VWDNHKROGHUV
IURPUHVHDUFKDQGSUDFWLFDOIDUPLQJLQWKHSURFHVVRIGHVLJQLQJDQGDVVHVVLQJ






V WKLQNLQJ¶ E\ PDNLQJ WKHLU NQRZOHGJH RQ FURS URWDWLRQ GHVLJQ
H[SOLFLW 7KLV FRXOG EH XWLOL]HG WKURXJK IRUPDOL]LQJ FURS URWDWLRQ UXOHV DV D
EDVLV IRU WKH JHQHUDWLRQ RI µDJURQRPLFDOO\ VRXQG¶ URWDWLRQV $JURQRPLVWV
WHQGHG WR GHILQH YHU\ VWULFW FURS VHTXHQFH DQG IUHTXHQF\ UHVWULFWLRQV HJ
DOORZLQJRQO\DVPDOOVKDUHRIFHUHDOVWKDWRIWHQGLGQRWDOORZWKHJHQHUDWLRQRI
FXUUHQW ZLGHO\ XVHG URWDWLRQV +HQFH VHYHUDO LWHUDWLRQV ZHUH QHHGHG ZLWK
DJURQRPLVWV







RIWHQQRWFRQVLGHUHG LQVLPXODWLRQPRGHOV %HUJH] et al..ROODV et al.
:KLOHDQXPEHURILQVHFWGLVHDVHDQGZHHGG\QDPLFPRGHOVKDYHEHHQ
GHYHORSHG&ROEDFK et al.-RQHV et al.RQO\VRPHZHUHFRXSOHG
ZLWKFURSPRGHOVDQGWKRVHZHUHVSHFLILFDOO\IRUFRWWRQDQGVR\EHDQ-RQHV et 
al.  7KH TXDOLW\ RI WKH PRGHO RXWSXWV IURP WKH IUDPHZRUN ZDV
GHSHQGHQWWRDODUJHH[WHQWRQWKHTXDOLW\RIWKHH[SHUWNQRZOHGJHDVLVXVXDOO\
WKH FDVH IRU UXOHEDVHG PRGHOV %DFKLQJHU 	 =DQGHU  1DXGLQ et al.
&RPSOHPHQWDU\ WR WKHHYDOXDWLRQE\H[SHUWV WKHRXWSXWVRI WKLV VWDWLF
DSSURDFKZHUHFRPSDUHGZLWKPHDVXUHGGDWD IRU VSHFLILF LPSDFWV VXFKDV1
OHDFKLQJ DQG FRXOG EH FRPSDUHG DJDLQVW WKH RXWSXWV RI G\QDPLF PRGHOV LQ
IXWXUH
$QRWKHUDSSURDFKWRHYDOXDWH&6LVWKHXVHRID OLIHF\FOHDVVHVVPHQW:KLOH





$ PDMRU OLPLWDWLRQ RI WKH VWDWLF IUDPHZRUN LV WKDW VRLOFURS SURFHVVHV DUH
FRQVLGHUHGRQO\RQDQDQQXDOEDVLVZKLFKGRHVQRWDOORZWKHLGHQWLILFDWLRQRI
FRQVWUDLQWV GXULQJ VSHFLILF JURZWK VWDJHV VXFK DV JURZWK OLPLWDWLRQV GXH WR
ZDWHUGHILFLW$OVRWKHFDOFXODWLRQRIQLWUDWHOHDFKLQJDQG12HPLVVLRQGLGQRW
FRQVLGHUWKHYDULDELOLW\RIZHDWKHU\LHOGVDQGHQYLURQPHQWDOLPSDFWVDQGDUH
XVHG KHUH WR PDNH RQO\ UHODWLYH FRPSDULVRQV EHWZHHQ &6 3DSHU ,,:KLOH
G\QDPLFPRGHOVFRXOGSRWHQWLDOO\VLPXODWHWKHVHSURFHVVHVLQGHWDLOWKHVHFDQ
VR IDUPRGHO RQO\ D OLPLWHG QXPEHU RI URWDWLRQV DQG DUH FXUUHQWO\ XQDEOH WR
VLPXODWHDOOUHOHYDQWURWDWLRQDOHIIHFWV/RUHQ] et al..ROODV et al.
-RQHV et al.+RZHYHUWKHVWDWLFIUDPHZRUNLVDOVRYHU\VHQVLWLYHWRWKH
HVWLPDWLRQRISUHFURSHIIHFWVDQGUHTXLUHVDJRRGFRPELQDWLRQRIUHVXOWVIURP
H[SHULPHQWV HVSHFLDOO\ WKRVH UHSRUWHG LQPHWDDQDO\VHV $QJXV et al. 








VWDELOLW\ VKRXOG DOVR EH FRQVLGHUHG LQ WKH HFRQRPLF FDOFXODWLRQV LH WKH


YDULDWLRQ LQ \LHOGV DQG SULFHV DQG EH UHIOHFWHG LQ WKH JURVV PDUJLQ /0&
,QWHUQDWLRQDO$FKDOOHQJHZRXOGEHWKHDYDLODELOLW\RIUHJLRQDOVSHFLILF
\LHOG GDWD DQG SULFHV WKDW LV DOVR DIIHFWHG E\ VFDOLQJ DQG DJJUHJDWLRQ2WKHU
LPSRUWDQWSRVVLEOHDSSOLFDWLRQVDUH WRH[SORUH IXUWKHUVXVWDLQDELOLW\ LQGLFDWRUV
VXFKDVVRLOFDUERQVHTXHVWUDWLRQDQGELRGLYHUVLW\
(QYLURQPHQWDODQGHFRQRPLFLPSDFWV
7KH PDMRU HQYLURQPHQWDO HIIHFW ZKHQ JUDLQ DQG IRUDJH OHJXPHV ZHUH
LQWHJUDWHGLQWR&6ZDVUHODWHGWR1LQSXWDQG1ORVVHV7KHUHGXFWLRQLQWKH
XVHRI1IHUWLOL]HUZDVLQDUDEOHDQGLQIRUDJHV\VWHPVDQG
ZDV PDLQO\ DWWULEXWDEOH WR WKH 1 DGGHG WKURXJK WKH %1) RI OHJXPH FURSV
,DQQHWWD et al.  7KH JUHDWHVW VDYLQJV ZHUH PDGH LQ IRUDJH V\VWHPV
EHFDXVHWKHSHUHQQLDOOHJXPHVLQFOXGHGFDQIL[XSWRNJKD&DUOVVRQ	
+XVV'DQHOOZKLFKLVPXFKPRUHWKDQWKHFRUUHVSRQGLQJILJXUHVIRUWKH
DQQXDO OHJXPHVSHDDQGIDEDEHDQ WKDWIL[DERXWNJKD3HRSOHV et al.
D
/RZHU UDWHV RI 1 LQSXW DOVR UHVXOWHG LQ ORZHU 12 HPLVVLRQV LQ &6 ZLWK
OHJXPHVEHFDXVHRIWKHGLUHFWUHODWLRQVKLSEHWZHHQ1IHUWLOL]HULQSXWDQG12









al. FRQFOXGHG IURPDPHWDDQDO\VLVXVLQJPHDVXUHGGDWD IURP(XURSH
WKDW DQQXDO HPLVVLRQV IURP DUDEOH VLWHV ZHUH VLJQL¿FDQWO\ JUHDWHU WKDQ
SUHGLFWHGE\,3&&DQGPDLQO\LQIOXHQFHGE\WKH1LQSXW7KH()XVHGLQWKH
IUDPHZRUN LVFOHDUO\ DSSUR[LPDWHEXW LW FDQRQO\EH LPSURYHG LQDG\QDPLF
DSSURDFK ZKLFK LV QRW FRPSDWLEOH ZLWK WKH VWDWLF IUDPHZRUN *RJOLR et al.
IRXQGWKDWWKHFRPELQDWLRQRIWKHVLPSOHFDUERQPRGHOE\$QGUpQDQG
.lWWHUHU ZLWK WKH ,33&PHWKRG SURYLGHV EHWWHU UHVXOWV WKDQ WKH ,33&
PHWKRGDORQH
1LWUDWHOHDFKLQJZDVRQDYHUDJHVLPLODUZLWKDQGZLWKRXWOHJXPHVLQDUDEOH&6
EHFDXVHRSWLPDOPDQDJHPHQW RI1ULFK UHVLGXHVRI JUDLQ OHJXPHV DQGJUDVV
FORYHU PL[WXUHV ZDV DVVXPHG WR DYRLG ODUJH ORVVHV DIWHU KDUYHVW DQG
WHUPLQDWLRQ7KHULVNRIQLWUDWH OHDFKLQJ LVKLJKRQVDQG\VRLOV $VNHJDDUG et 






ZLQWHU FHUHDOV WDNLQJXS VRPHRI WKH1 OHIW E\ WKH OHJXPHV1LWUDWH OHDFKLQJ
FRXOG EH UHGXFHG LQ OHJXPHVXSSRUWHG V\VWHPV E\ XVLQJ FRYHU FURSV LQ ERWK
DUDEOH DQG PL[HG V\VWHPV $VNHJDDUG et al.  %HDXGRLQ et al. 




VXUSOXV LQ D ORQJWHUP FURS URWDWLRQ H[SHULPHQW LQ'HQPDUN+RZHYHU WKH\
IRXQGWKDW WKHRYHUDOOHIIHFWRI1LQSXWDQGVXUSOXVRQ1OHDFKLQJZDVORZHU




1DIWHU D OHJXPH5RRWVRIDJLYHQFURSDUHKHDOWKLHU DIWHU DQXQUHODWHGFURS
KDV EHHQ JURZQ EHFDXVH SDWKRJHQ SRSXODWLRQV DUH UHGXFHG $QJXV et al.
 DOORZLQJ PRUH 1 WR EH WDNHQ XS E\ WKH FURS DQG UHGXFLQJ WKH
DYDLODELOLW\ RI 1 IRU OHDFKLQJ 6RLO WLOODJH FRXOG LQ VRPH FLUFXPVWDQFHV EH
UHGXFHG EHIRUH DQG DIWHU JUDLQ OHJXPHV /XHWNH(QWUXS et al.  /ySH]




&RQYHUVHO\ /X[HPEXUJLVK IDUPHUV PHQWLRQHG D ODFN RI NQRZOHGJH DQG
H[WHQVLRQVHUYLFHVIRUWKHVHFURSVDVWKHPDLQEDUULHUIRUQRWFXOWLYDWLQJJUDLQ
OHJXPHV UDWKHU WKDQ HFRQRPLF LVVXHV =LPPHU et al.  7KLV LV QRW D
FRQWUDGLFWLRQ VLQFH JRRG NQRZOHGJH RQ DJURQRP\ DQG PDUNHWV DUH QHHGHG
EHIRUH JURZLQJ WKH FURS$W WKH FURS OHYHO JUDLQ OHJXPHV RIWHQ KDYH ORZHU
JURVVPDUJLQVWKDQFHUHDOVDQGRLOVHHGFURSV3UHLVVHO et al.$OWKRXJK
VXEVWDQWLDO \LHOG EHQHILWV IURP OHJXPHV WR WKH IROORZLQJ FURSV KDYH EHHQ
ZLGHO\ REVHUYHG DFURVV WKHZRUOG $QJXV et al.  3UHLVVHO et al. 
&HUQD\ et al.  )UDQNH et al.  WKH\ DUH UDUHO\ FRQVLGHUHG LQ WKH











,W GHVFULEHV D IUDPHZRUN WKDW DOORZV VXFK DQ LQWHJUDWHG DVVHVVPHQW DQG
FRPSDULQJDODUJHUDQJHRI&6
7KH IUDPHZRUNZLWK WKH LQWHJUDWHG LQGLFDWRUVDGYDQFHV WKH VWDWHRI WKHDUW LQ
DVVHVVLQJ &6 V\VWHPDWLFDOO\ VFLHQWLILFDOO\ DQG LQ D VWDQGDUGL]HGZD\ RYHU D
UDQJH RI ELRSK\VLFDO DQG VRFLRHFRQRPLF FRQGLWLRQV 7KH DSSOLFDWLRQ KDV
VKRZQVXEVWDQWLDOSRVLWLYHHQYLURQPHQWDO LPSDFWVRI LQWHJUDWLQJ OHJXPHV LQWR
&67KHUH LVSRWHQWLDO IRU IXUWKHU UHILQLQJ WKHXVHG LQGLFDWRUVDQGEURDGHQLQJ
WKH VFRSH RI LPSDFWV DVVHVVHG E\ LQWHJUDWLQJ DGGLWLRQDO LQGLFWRUV 7KH
DSSOLFDWLRQ DOVR VKRZHG WKDW LQPDQ\ V\VWHPV EXW QRW DOOPRGHVW HFRQRPLF





FHUHDOV EXW QRW VLJQLILFDQWO\ GLIIHUHQW IURP RWKHU VSULQJVRZQ FURSV LQ /7(V
3DSHU ,9 7KHVH QRYHO ILQGLQJV FRQWUDVWZLWK SUHYLRXV UHVHDUFK +DZWLQ	
+HEEOHWKZDLWH3HOWRQHQ6DLQLR	1LHPL&HUQD\ et al.DQG
ZLWK IDUPHUV¶ DQG H[SHUWV¶ SHUFHSWLRQV 9RQ 5LFKWKRIHQ et al. D (,3
$*5,=LPPHU et al.3*52)LUVW IDUPHUVPD\SHUFHLYH
JUDLQOHJXPHVWREHOHVVVWDEOHEHFDXVHRIUHODWLYHO\ORZPDUNHWSULFHVDQGWKH
SRRUGHYHORSPHQWRIYDOXHFKDLQV3UHLVVHO et al.0H\QDUG et al.
$OWKRXJK FKDQJHV LQ JUDLQ OHJXPH SURGXFHU SULFHV IROORZHG WKH FKDQJHV IRU
VR\EHDQ DQGZKHDW /0& ,QWHUQDWLRQDO  (XURSHDQ SHD DQG IDED EHDQ
SURGXFHU SULFHV GLG QRW IXOO\ IROORZ WKH SULFH LQFUHDVHV RI VR\EDVHG IHHG
LQJUHGLHQWV $JURQRPLF FRQVWUDLQWV ZLWK SHVWV GLVHDVHV DQG ZHHGV LQ JUDLQ
OHJXPHV:DWVRQ et al.PLJKWEHKLJKHUDW WKHIDUPOHYHODQGDUH OHVV
YLVLEOHLQ/7(V6HFRQGDOOSUHYLRXVVWXGLHVKDYHXVHGLQGLFDWRUVWKDWGRQRW
FRUUHFW IRU WKH DVVRFLDWLRQ RI WKH YDULDQFHZLWK WKHPHDQ \LHOGZKLFK RYHU
HPSKDVL]HVYDULDWLRQLQORZ\LHOGLQJFURSVDVVKRZQLQWKHUHVXOWVRI3DSHU,9
7KLUGZKHQ\LHOGGDWDDUHDJJUHJDWHGDWWKHQDWLRQDOOHYHOLQRIILFLDOVWDWLVWLFV
WKHUH LVD WHQGHQF\ WKDW WKHDSSDUHQW\LHOG VWDELOLW\ LQFUHDVHVZLWK WKH VL]HRI




IRU JUDLQ OHJXPHVZLWKJHQHUDOO\ ORZHU \LHOGV DQG WKDW DUHJURZQRQ VPDOOHU
DUHDV WKDQPDQ\RWKHUFURSV7KLV WKHVLVGHVFULEHGDQGDSSOLHG WKHD&9ZLWK
ILHOGOHYHOGDWDIURP/7(VZKHUHDOOFURSVDUHJURZQLQWKHVDPHSURSRUWLRQ
DQG RQ WKH VDPH SORW VL]H 7KHUHE\ WKH VWXG\ GHVFULEHG LQ WKLV WKHVLV GHDOW
HIIHFWLYHO\ZLWKWKHLQDSSURSULDWHHIIHFWVRIVFDOHRQPHDVXUHVRIVWDELOLW\WKDW
KDYHEHHQHQFRXQWHUHGLQHDUOLHUVWXGLHV
6WLOO \LHOG VWDELOLW\ QHHGV WR EH LQFUHDVHG WR PDNH JUDLQ OHJXPHV PRUH
FRPSDWLEOH%HVLGHVORQJWHUPEUHHGLQJHIIRUWV5XELDOHV et al.IDUPHUV
QHHGGLUHFWVKRUWWHUPVWUDWHJLHVWRGHDOZLWK\LHOGLQVWDELOLW\ ,Q WKLVWKHVLV
PDQDJHPHQW VWUDWHJLHVZHUH LGHQWLILHG WR UHGXFH \LHOG LQVWDELOLW\ WR LQFUHDVH
\LHOG DQG WR SURYLGH RWKHU EHQHILWV WKDWPDNH JUDLQ OHJXPH SURGXFWLRQPRUH
DWWUDFWLYHWRIDUPHUV3DSHU9*URZLQJVR\EHDQDQG1/OXSLQLQDZLGHUURZ
VSDFLQJ DQG KRHLQJ EHWZHHQ URZV ZHUH HIIHFWLYH ZD\V WR UHGXFH ZHHG
LQIHVWDWLRQDQGVLPLODUHIIHFWVKDYHEHHQVKRZQLQVSULQJFHUHDOV0HODQGHU et 
al.,QRFXODWLRQRIVR\EHDQVHHGLQFUHDVHG%1)DQG\LHOGDQGLUULJDWLRQ
LQFUHDVHG \LHOG LQ GU\ \HDUV ,I LPSOHPHQWHG RYHU ORQJHU WLPH SHULRGV WKHVH
PHDVXUHVZLOOSRWHQWLDOO\OHDGWRKLJKHU\LHOGVWDELOLW\
:KLOH WKH ILQGLQJV IURP WKH3DSHUV ,,, DQG ,9 DGYDQFHRXU XQGHUVWDQGLQJRI
\LHOG VWDELOLW\ DVVHVVPHQWV DQG WKH HIIHFWV RI VFDOH WKH\ DOVR SURYLGH VRPH
SUDFWLFDOPHVVDJHV
¾ 6SULQJ FURSV DUH JHQHUDOO\ OHVV VWDEOH WKDQZLQWHU FURSV &RPSDULVRQV RI
JUDLQOHJXPHVZLWKZLQWHUFURSVDUHWKHUHIRUHOHVVPHDQLQJIXO
¾ &XUUHQWO\ JUDLQ OHJXPHV DUH RIWHQ JURZQ RQ OHVV IHUWLOH VRLOV WKDQ RWKHU




¾ ,I GLIIHUHQFHV LQ \LHOG DUH ODUJH WKH &9 QHHGV WR EH DGMXVWHG $ VLPSOH




LQGLFDWRU FRQVLGHUV VFDOLQJ LVVXHV LQ FURS \LHOGV ODUJH GLIIHUHQFHV LQ PHDQ
\LHOGSOD\VDNH\UROHIRU\LHOGVWDELOLW\DVVHVVPHQWV
7KHODUJHUWKHVFDOHRI\LHOGDJJUHJDWLRQWKHPRUHOLNHO\WKHHIIHFWVRIIDFWRUV
DIIHFWLQJ FURS \LHOG PD\ EH DYHUDJHG RXW UHVXOWLQJ LQ ORZHU YDULDELOLW\
5XGVWURP et al.  3RSS et al.  7KH UHVXOWV IURP WKLV WKHVLV


GHPRQVWUDWHG WKDW WKHUH LV D GLIIHUHQFH EHWZHHQ WKH&9REWDLQHG IURP ILHOG
OHYHO GDWD DQG WKDWREWDLQHG IURPDJJUHJDWHGGDWDZKHUHYDULDELOLW\ KDVEHHQ
GUDVWLFDOO\UHGXFHG7KHDYHUDJH&9YDOXHRIIURPWKH/7(V3DSHU,9
ZDVWZLFHDVODUJHDVWKHDYHUDJH&9RI3HOWRQHQ6DLQLR	1LHPL
DQG &HUQD\ et al.  LQ WKH VWXGLHVZLWK QDWLRQDO DJJUHJDWHG\LHOG
GDWD7KHYDOXHVDUHPXFKJUHDWHUWKDQJOREDOSDWWHUQVRIPRGHOOHGFURS\LHOG
VWDELOLW\ZLWK&9YDOXHVRI WKHHQVHPEOHPHGLDQ UDQJLQJEHWZHHQDQG
  IRU ULFH PDL]H VR\EHDQ DQG ZKHDW 0OOHU et al.  6FDOLQJ
PHWKRGV VKRXOG WKHUHIRUH EH XVHG FDUHIXOO\ WR DYRLG FRPSOH[ PXOWLVFDOH
SUREOHPV(ZHUW et al.
/RQJWHUP H[SHULPHQWV KDYH QRW SUHYLRXVO\ EHHQ XVHG VXIILFLHQWO\ IRU
DVVHVVPHQW RI \LHOG VWDELOLW\ DQG WKLV UHVRXUFH FRXOG EH H[SORLWHG PRUH
HIIHFWLYHO\ -RKQVWRQ 	 3RXOWRQ  7KHUH DUH VHYHUDO KXQGUHG /7(V
DYDLODEOHZRUOGZLGHDUHOLVWHGLQDJOREDODVVHVVPHQWE\'HEUHF]HQLDQG
.|UVFKHQVDORQHDQGWKHUHDUHVHYHUDOQDWLRQDOSODWIRUPVWKDWSURYLGH
DFFHVV WR WKH PHWDGDWD $ QHWZRUN RI /7(V DV SURSRVHG E\ 6WW]HO et al.
 FRXOGKHOS WREHWWHUXWLOL]H WKHH[LVWLQJ UHVRXUFHV1HYHUWKHOHVV WKHUH
DUHDW OHDVW WKUHHPDMRUSUREOHPVUHODWHG WR WKHXVHRIGDWD IURP/7(V)LUVW
QRW DOO FURSV RI FXUUHQW HFRQRPLF LPSRUWDQFH DUH JURZQ VHFRQG PDQ\
H[SHULPHQWV KDYH XQEDODQFHG GHVLJQV VR WKDW QRW DOO FURSV DUH JURZQ LQ WKH
VDPH\HDUDQGWKLUG WKHVPDOOSORWVL]HFDQUHVXOW LQ ORZHUVWDELOLW\RIFURSV
WKDWDUHGLVDGYDQWDJHGLQVPDOOSORWV5HEHW]NH et al.7KHODWWHULVGXH
WR \LHOG ORVVHV EHFDXVH RI ELRWLF VWUHVVHV DV LV WKH FDVH IRU JUDLQ OHJXPHV
.UDYFKHQNR et al.  IRXQG WKDW WKH\LHOGJDSEHWZHHQH[SHULPHQWVZLWK
VPDOOSORWVDQGILHOGVFDOHH[SHULPHQWVZLWKODUJHILHOGVZDVPRUHSURQRXQFHG




\LHOGVWDELOLW\ LQGLFDWRUDOVRQHHGVWRDFFRXQWIRUVFDOLQJ WKDW LVUHODWHGWRWKH
VL]H RI WKHPHDQ:LWK LQFUHDVLQJPHDQ WKHUH DUH HIIHFWV RQ RWKHU VWDWLVWLFDO
SDUDPHWHUV LH WKH\YDU\GHSHQGLQJRQKRZODUJHWKHPHDQLV '|ULQJ et al.




DQG ,9 VKRZ VLJQLILFDQW UHODWLRQVKLSV EHWZHHQ \LHOG DQG WKH VWDQGDUG&9 LQ
WKUHHLQGHSHQGHQWGDWDVHWV7KLVUHODWLRQVKLSH[SODLQVZK\VWDELOLW\E\GHIDXOW
LQFUHDVHVZLWK \LHOG EXW WKLV LV UDUHO\ FRQVLGHUHG HYHQ LQ YHU\ UHFHQW VWXGLHV
5DVHGX]]DPDQ 	 -HQVHQ  +RIIPDQQ et al.  .QDSS 	 YDQ GHU






3LHSKR)HUUHLUD et al.DQG'HKJKDQL et al.




IRXQG LQGLFDWLRQV WKDW \LHOG VWDELOLW\ RI JUDLQ OHJXPHV DQG RWKHU FURSV
GHFUHDVHGEHWZHHQDQGLQWZR/7(VLQ*HUPDQ\DQG6ZHGHQ7KLV
GHFUHDVHLQVWDELOLW\PD\EHDVVRFLDWHGZLWKDQLQFUHDVHLQFOLPDWHYDULDELOLW\
DQG D ODFN RI DGDSWLRQ WR WKHVH FKDQJHV 5D\ et al.  7LJFKHODDU et al.
 8S WR QRZ WKHUH LV D ODFN RI UHVHDUFK RQ WKH LPSDFWV RI FOLPDWH
YDULDELOLW\ RQ JUDLQ OHJXPH \LHOG VWDELOLW\ ,W LV QHFHVVDU\ WR TXDQWLI\ KRZ
WHPSRUDO \LHOG VWDELOLW\ FKDQJHVRYHU WLPH IRU GLIIHUHQW JUDLQ OHJXPH VSHFLHV
DQGDFURVVHQYLURQPHQWV7KLVFRXOGEHQHILWIURPDFRPELQDWLRQRIVWDWLVWLFDO
DQDO\VHVDQGVLPXODWLRQPRGHOOLQJVXFKDVXVHGE\/REHOO et al. DDQG
+RFKPDQ et al.  EDVHG RQ GDWD IURP /7(V DFURVV GLIIHUHQW
HQYLURQPHQWDOFRQGLWLRQVWDNLQJVFDOLQJHIIHFWVLQWRDFFRXQW
7KLV WKHVLV DGYDQFHV WKH DELOLW\ WR VWXG\ \LHOG VWDELOLW\ZKLOH DYRLGLQJ VFDOH
GHSHQGHQWELDVHVWKURXJKDQHZLQGLFDWRUDQGWKURXJKKLJKOLJKWLQJWKHLPSDFW
RI WKHGDWDXVHG7KURXJK WKH LPSURYHGPHWKRGGLIIHUHQFHVEHWZHHQ&6FDQ




7KH UHVXOWV IURP3DSHU9SURYLGHQHZ LQVLJKWV LQ KRZ WR UHGHVLJQ&6ZLWK
JUDLQ OHJXPHV XVLQJ D SDUWLFLSDWRU\ DSSURDFK ,W DSSOLHG WKH'((' UHVHDUFK
F\FOHZLWKODUJHVFDOHIDUPHUVLQ(XURSHWKDWKDVVRIDUPDLQO\EHHQXVHGZLWK
VPDOOKROGHU IDUPHUV DQG VWDNHKROGHUV LQ 6XE6DKDUDQ $IULFD *LOOHU et al.
 'HVFKHHPDHNHU et al.  )DOFRQQLHU et al.  )ROORZLQJ WKH
F\FOH KHOSHG WR IRFXV RQ IDUPHUV¶ SHUFHLYHG SURGXFWLRQ FRQVWUDLQWV DQG
RSSRUWXQLWLHVLHORZ\LHOGVWDELOLW\DQGWKHULVNRIKLJKZHHGLQIHVWDWLRQ7KH
SHUFHSWLRQRIORZ\LHOGVWDELOLW\ZDVDOVRIRXQGWREHYHU\LPSRUWDQWLQHDUOLHU
VXUYH\V DPRQJ IDUPHUV LQ(XURSH 9RQ5LFKWKRIHQ et al. D=LPPHU et 


al.  7KH ULVN RI KLJK ZHHG LQIHVWDWLRQ LV DOVR UHFRJQL]HG LQ JUDLQ




HIIHFWLYHO\ UHGHVLJQ IDUPHUV¶ &6 )DUPHUV¶ NQRZOHGJH RQ SURGXFWLRQ
FRQVWUDLQWV DQG RSSRUWXQLWLHV WR LPSURYH WKH FXOWLYDWLRQ RI 1/ OXSLQ WKH
H[LVWLQJFURSDQGH[SORUHRSWLRQVRQKRZWRFXOWLYDWHVR\EHDQDVDQRYHOFURS
ZDVFHQWUDOLQWKHVWXG\GHVFULEHGLQ3DSHU97KHFRGHVLJQSURFHVVSURYLGHG
QHZ LQVLJKWV LQWR WKH XVH RI GLIIHUHQW PHWKRGV IRU WKH UHGHVLJQ RI &6ZLWK
OHJXPHVDQGLGHQWLILHGWDLORUHGRSWLRQVIRUVSHFLILFIDUPFRQWH[WVVHHWKHQLQH
SUDFWLFHVLQVHFWLRQ7KHRQIDUPWULDOVZHUHPDQDJHGGLIIHUHQWO\E\HDFK




U\H FRYHU FURS EXW DOVR FODVVLFDO VXFK DV LQRFXODWLRQ ZHHG FRQWURO DQG
LUULJDWLRQ$VLPLODUFRGHVLJQSURFHVVWRJHQHUDWHDUHOHYDQWEDVNHWRIRSWLRQV
IRUFOLPELQJEHDQFXOWLYDWLRQZDVWDNHQZLWKDGLYHUVLW\RIVPDOOKROGHUIDUPHUV
LQ 8JDQGD 5RQQHU  7KDW VWXG\ DLPHG WR GLVWLQJXLVK SUHIHUHQFHV RI
IDUPHUV RI GLIIHUHQW JHQGHU DQG VRFLRHFRQRPLF EDFNJURXQGV IRU GLIIHUHQW
WHFKQRORJLHV EXW FRXOG QRW LGHQWLI\ FRQVLVWHQW UHFRPPHQGDWLRQV DERXW WKH
VXLWDELOLW\RIWHFKQRORJLHVIRUGLIIHUHQWW\SHVRIIDUPHUV6LPLODUWRWKHUHVXOWV
LQ 3DSHU9 LW KLJKOLJKWV WKH LPSRUWDQFH RI D EDVNHW RI RSWLRQVZLWK IOH[LEOH
FRPELQDWLRQV RI SUDFWLFHV IRU IDUPHUV¶ LQGLYLGXDO VHOHFWLRQ 7KH SUDFWLFHV
LGHQWLILHGLQ3DSHU9VKRXOGWKHUHIRUHEHVHHQDVIOH[LEOHDOWHUQDWLYHVWRFXUUHQW
IDUPLQJ WKDW FRXOG EH DGDSWHG IXUWKHU WR VXLW WKH VSHFLILF QHHGV RI IDUPHUV
UDWKHUWKDQDVIL[HGWHFKQRORJ\SDFNDJHVWDNHQIURPIRUPDOUHVHDUFKRIRSWLRQV
6XPEHUJ et al.  :KLOH PRVW VWXGLHV RQ GHVLJQ LQ DJURQRP\ KDYH
IRFXVHG RQ WKH LQYHQWLRQ SDUW RI WKH GHVLJQ SURFHVV 3URVW et al. 
HPSKDVL]HWKHLPSRUWDQFHRIH[DPLQLQJWKHZD\LQZKLFKWKHGHVLJQHGRSWLRQV
DUH LPSOHPHQWHGE\ IDUPHUV DQGRI FRQWLQXLQJ WKHGHVLJQSURFHVV RYHU WLPH
7KLVLVDOVRDVKRUWFRPLQJRIWKHVWXG\SUHVHQWHGLQWKLVWKHVLV
$QRWKHU RSWLRQ IRU WKH GHVLJQ RI &6 ZLWK VWDNHKROGHUV LV WKH XVH RI PXOWL
FULWHULD DQDO\VLV VXFK DV GRQH E\ 3HO]HU et al.  7KH\ LGHQWLILHG
LQQRYDWLYH OHJXPHVXSSRUWHG &6 ZLWK KLJKHU VXVWDLQDELOLW\ LPSDFWV WKDQ
FXUUHQW&61HYHUWKHOHVV LQ WKHLU VWXG\&6ZHUHGHVLJQHGZLWKRXW DQDFWLYH








,Q 3DSHU9 D FRPELQDWLRQ RIPHWKRGVZDV XVHG LQ WKH LQWHUDFWLRQZLWK IDUPHUV
ZKLFK GLIIHU LQ WKHLU VXLWDELOLW\ IRU ZRUNLQJ ZLWK IDUPHUV DQG SURYLGH GLIIHUHQW
FRQWULEXWLRQVWRWKHDVVHVVPHQWDQGGHVLJQSURFHVVRI&6
)DUPHUV YDOXHG WKH FURS URWDWLRQPRGHOOLQJ ZLWK 52725 DV D UHOHYDQW DQG
XVHIXOLQVWUXPHQWWRKLJKOLJKWSUREOHPVRIWKHSURGXFWLRQV\VWHPVXFKDVZHHG
LQIHVWDWLRQ QXWULHQW GHILFLHQF\ DQG VRLO RUJDQLF FDUERQ ORVVHV2WKHU WRROV DUH




3DSHU9PRGHOVZHUH VHHQ DV D WRRO IRU WKH GLDJQRVLVRI WKH V\VWHP DQG LWV
FRPSRQHQWV WR SURYLGH XVHIXO LQSXW IRU GLVFXVVLRQV DERXW WKH IDUP
PDQDJHPHQW DQG DOORZ DQ ex-ante DVVHVVPHQWV RI DGDSWDWLRQ RSWLRQV DV
GHVFULEHG E\ 7RSS et al.  0RVW PRGHOV DUH VWLOO UHODWLYHO\ µXVHU
XQIULHQGO\¶ DQG WKH UHVXOWV DUH GLIILFXOW WR LQWHUSUHW IRU IDUPHUV -RQHV et al.
 7KXV VLPSOLILHG WRROV DUH QHHGHG WKDW DUH IUHHO\ DYDLODEOH HDV\ WR
XQGHUVWDQGDQGUHDG\WRXVHIRUGLIIHUHQWIDUPDQGSURGXFWLRQV\VWHPV,QLGHDO
FDVHV GHIDXOW YDOXHV DUH LQFOXGHG DORQJ ZLWK RSWLRQV WR PRGLI\ WKHVH IRU
DGYDQFHG XVHUV ([DPSOHV RI VXFK WRROV DUH1',&($ YDQ GHU%XUJW et al.
)DUP'(6,*1*URRW et al.DQG52725%DFKLQJHU	=DQGHU

2QIDUP WULDOV DUH PRUH PHDQLQJIXO IRU SUDFWLFDO IDUPLQJ WKDQ RQVWDWLRQ
H[SHULPHQWVWKH\DUHPRUHIOH[LEOHDQGLQYROYHIDUPHUVIURPWKHGHVLJQSKDVH
XQWLO WKH LQWHUSUHWDWLRQ RI WKH ILQGLQJV VR WKH\ FDQ UHVXOW LQ SUDFWLFDO
FRQFOXVLRQV )DOFRQQLHU et al.  7KH\ DUH HVSHFLDOO\ LPSRUWDQW IRU
DVVHVVLQJKRZQHZWHFKQRORJLHVZLOOIXQFWLRQXQGHUSUDFWLFDOIDUPFRQGLWLRQV
.UDYFKHQNR et al. +RZHYHU RQIDUP WULDOV DUH OHVV SUHFLVH WKDQ RQ
VWDWLRQRQHV6FKPLGW et al.DQGWKHUHVXOWVPLJKWEHYHU\PHDQLQJIXOIRU
RQHIDUPEXWQRWIRURWKHUV7KLVUHGXFHVWKHSRVVLELOLW\IRUPRUHIDUPHUVDGRSW
DQ LQQRYDWLRQ ZLWKLQ D SDUWLFXODU UHJLRQ VFDOLQJ XS DQG WR WUDQVIHU DQ
LQQRYDWLRQ JHQHUDWHG LQ RQH UHJLRQ WR DQRWKHU UHJLRQ VFDOLQJ RXW 6LQFODLU
 7KHUHIRUH WKH QXPEHU RI RQIDUP WULDOV VKRXOG EH VXIILFLHQWO\ ODUJH
GHSHQGLQJ RQ WKH UHVHDUFK TXHVWLRQV $OWKRXJK RQVWDWLRQ H[SHULPHQWV DUH
YDOXDEOH EHFDXVH RI WKH DFFXUDF\ RI WKH PDQDJHPHQW DQG UHSURGXFLELOLW\




QRW V\VWHPDWLF DQG DIIHFW GLIIHUHQW FURSV WR GLIIHUHQW GHJUHHV )RU H[DPSOH
.UDYFKHQNR et al.  IRXQGD ODUJHU\LHOGJDSEHWZHHQ ILHOGH[SHULPHQWV
DQGRQIDUPWULDOVIRUVR\EHDQDQGPDL]HWKDQIRUZKHDWEHFDXVHRISUREOHPV
ZLWKZHHGPDQDJHPHQW LQ RQIDUP WULDOV ,QQRYDWLRQ LV ORFDOO\ GULYHQ LQ RQ
IDUPWULDOVLQDERWWRPXSSURFHVV6LQFODLUDQGRQVWDWLRQH[SHULPHQWV
DQG PRGHOOLQJ FRPSDUH LQQRYDWLRQV DFURVV ORFDWLRQV DQG V\VWHPV ,I XVHG
FRPSOHPHQWDULO\ WKH\ RIIHU VFRSH IRU VFDOLQJXS DQG RXW RI LQQRYDWLRQV
6LQFODLU
:KLOH 'RUp et al.  KLJKOLJKWHG RQIDUP UHVHDUFK DV D QHZ DYHQXH LQ
DJURQRP\WKHUHVXOWVIURPWKLVWKHVLVVXJJHVWWKDWWKHFRPELQDWLRQRIPHWKRGV
LV PRUH YDOXDEOH WKDQ XVLQJ RQH PHWKRG DORQH WR HIIHFWLYHO\ UHGHVLJQ &6
$OVRE\FRPELQLQJWKHPHWKRGV WKH\VXSSRUWDQGUHLQIRUFHHDFKRWKHU2Q
IDUPWULDOVJHQHUDWHQHZUHVHDUFKTXHVWLRQV WREH WHVWHGZLWKPRGHOVDQGRQ




al.  $W WKH VDPH WLPH PRGHOOLQJ VWXGLHV KDYH LQFUHDVHG LQ QXPEHU
+DPLGRY et al.  DOWKRXJK WKH\ GHSHQG RQ WKH GDWD JHQHUDWHG LQ ILHOG
H[SHULPHQWVIRUPRGHOFDOLEUDWLRQDQGYDOLGDWLRQ5|WWHU et al.
$PDMRU OLPLWDWLRQ RI WKH UHVHDUFK SURFHVV GHVFULEHG DERYH LV WKDW LW LV YHU\
WLPHDQGUHVRXUFHLQWHQVLYHVRLWKDVOLPLWHGDSSOLFDELOLW\IRUDUHJXODU\HDU
UHVHDUFK SURMHFW )ROORZLQJ WKH '((' UHVHDUFK F\FOH UHTXLUHV WLPH IRU WKH
DVVHVVPHQWDQDO\VLVDQGWHVWLQJRIQHZV\VWHPVDQGSRVVLEO\DVHFRQGRUWKLUG
URXQG RI WKH F\FOH 7KH DSSURDFKPLJKW EHPRUH VXLWDEOH IRU ODUJH UHVHDUFK





,W LV HDVLHU IRU IDUPHUV WR FDSLWDOL]H RQ WKH RSSRUWXQLWLHV IRU IRUDJH OHJXPHV
WKDQRQWKRVHIRUJUDLQOHJXPHVEHFDXVHWKHIRUDJHVLRIIHUEHWWHUHFRQRPLF
DQGHQYLURQPHQWDOSHUIRUPDQFH WKDQ WKHJUDLQ OHJXPHV LLKDYHDKLJKIHHG
YDOXH IRU OLYHVWRFN DQG LLL DUH UHODWLYHO\ VLPSO\ LQWHJUDWHG LQWR H[LVWLQJ
WHPSRUDU\ JUDVVODQG 7KH UHVXOWV IURP 3DSHU ,, VKRZHG ZLQZLQ VLWXDWLRQV
ZKHUH WKH FXOWLYDWLRQ RI IRUDJH OHJXPHV LV HFRQRPLFDOO\ DWWUDFWLYH DQG
LQFUHDVHV HQYLURQPHQWDO EHQHILWV%HVLGHV WKH LPSDFWV DVVHVVHG LQ WKLV WKHVLV


WKH SHUHQQLDO QDWXUH RI IRUDJH OHJXPHV RIIHUV RSSRUWXQLWLHV IRU LPSURYHG
ELRGLYHUVLW\6WHLQ%DFKLQJHU	)XFKVDQGVRLORUJDQLFFDUERQFRQWHQW
-HQVHQ et al.ORZHUHGULVNRIERWKVRLOHURVLRQ-HQVHQ et al.DQG
ZHHGLQIHVWDWLRQ+nNDQVVRQ,PSRUWDQWFRQVWUDLQWVZLWKIRUDJHOHJXPHV
LQFOXGHFURSHVWDEOLVKPHQW WKHPDLQWHQDQFHRIDQDSSURSULDWHEDODQFH DERXW
RQH WKLUG RI OHJXPHV LQ PL[WXUHV ZLWK JUDVVHV WR DFKLHYH WKH PD[LPXP
EHQHILWV6XWHU et al.ORZHUSHUVLVWHQFHWKDQJUDVVXQGHUJUD]LQJ3KHODQ 
et al.KLJKULVNRI OLYHVWRFNEORDWIURPVRPHVSHFLHV'HZKXUVW et al.
DQGGLIILFXOW\RIFRQVHUYDWLRQDVVLODJHRUKD\3KHODQ et al.7KH
DGRSWLRQRIIRUDJHOHJXPHVLVPDLQO\UHVWULFWHGWRPL[HGIDUPVZLWKFURSDQG
OLYHVWRFN SURGXFWLRQ 7KH VSHFLDOL]DWLRQ RI IDUPLQJ DQG DVVRFLDWHG VSDWLDO
GHFRXSOLQJRIOLYHVWRFNDQGFURSSURGXFWLRQLVSUREDEO\DPDMRUUHDVRQIRUWKH
ORZSURSRUWLRQRIIRUDJHOHJXPHVLQ(XURSH/HPDLUH et al.$OWHUQDWLYH
DYHQXHV IRU IRUDJH OHJXPH SURGXFWLRQ E\ DUDEOH IDUPV DUH WKH FROODERUDWLRQ
ZLWK OLYHVWRFN IDUPHUV DQG WKH H[FKDQJH RI PDWHULDOV VXFK DV IRUDJH JUDLQ
VWUDZDQGPDQXUH/HPDLUH et al.0DUWLQ et al.$VDL et al.
2WKHURSWLRQVDUHWRGHOLYHUIRUDJHOHJXPHVDVJUHHQELRPDVVWRELRJDVSODQWV
7LGnNHU et al.DQG WRELRUHILQHULHV 3DSHQGLHN et al.3DUDMXOL et 
al.  DQG WR SURGXFH GULHG IRGGHU HVSHFLDOO\ IURP DOIDOID Medicago 
sativa/
7KHUHDUHVLWXDWLRQVZKHUHLQWURGXFLQJJUDLQOHJXPHVLQWRDUDEOHV\VWHPVZLOO
JLYH ERWK HFRQRPLF DQG HQYLURQPHQWDO DGYDQWDJHV 3DSHU ,, 7KLV LV ZKHUH
JUDLQ OHJXPHV DFKLHYH KLJK SULFHV IRU KXPDQ IRRG XVH HJ LQ 5RPDQLD IRU
FRPPRQEHDQDQGZKHUHJUDLQ\LHOGVDUHUHODWLYHO\KLJKDVLQWKH8.IRUIDED
EHDQ7KHVHEHQHILWV DUH FXUUHQWO\QRW UHIOHFWHG LQ IDUPHUV¶ URWDWLRQVEHFDXVH
YDOXHFKDLQVDUHQRWVXIILFLHQWO\HVWDEOLVKHG 0H\QDUG et al.DQGRWKHU
IRUFHVIDYRXUVSHFLDOL]DWLRQRQFHUHDOFURSV0DJULQL et al.7KHUHIRUH
JUDLQOHJXPHVDUHFXUUHQWO\QRWHFRQRPLFDOO\FRPSHWLWLYHZLWKWKHVPDOOJUDLQ
FHUHDOV LQ PRVW FDVHV 3DSHU ,, )DUPHUV DUH QRW UHZDUGHG IRU WKH SRVLWLYH
HQYLURQPHQWDOVHUYLFHVZKLFKOHJXPHVGHOLYHU=DQGHU et al.,Q(XURSH
WKHQXPEHURIIRRGSURGXFWVFRQWDLQLQJJUDLQOHJXPHVVXFKDVEHDQVOHQWLOVRU
VR\EHDQV KDYH LQFUHDVHG E\   EHWZHHQ  DQG  758( 
:KLOHWKLVWUHQGZLOO LQFUHDVHWKHGHPDQGIRU(XURSHDQJURZQJUDLQOHJXPHV
WR VRPH H[WHQW DORQJ ZLWK DZDUHQHVV DPRQJ FRQVXPHUV 3URIHWD 	 +DPP
 LW LV XQOLNHO\ WR OHDG WR ODUJH LQFUHDVHV LQ SURGXFWLRQ DUHDV VLQFH WKH




DJURQRPLF SUDFWLFHV QHHG WR EH IXUWKHU GHYHORS LQ ERWK JUDLQ DQG IRUDJH


OHJXPHV EHQHILWWLQJ IURP WKH UHVXOWV LQ 3DSHU 9 %HVLGHV WKH DJURQRP\
UHJLRQDO VXSSO\ FKDLQV QHHG WREHGHYHORSHG IRU IHHG IRUDJH IRRG DQGQRQ
IRRGWKDWFRXOGLQFUHDVHWKHFRPSHWLWLYHQHVVRI OHJXPHVLQ(XURSH9RLVLQ et 
al.  0H\QDUG et al.  ([DPSOHV DUH *02IUHH SURGXFWV QRYHO






3ROLF\ FDQ VXSSRUW JUDLQ OHJXPHV LQ FDVHVZKHUHPDUNHWV DUH QRW \HW
HVWDEOLVKHGRUZKHUH WKH VHUYLFHV WKDW DUH UHOHYDQW IRU VRFLHW\DUHQRWYDOXHG
3ROLF\ FDQ SURYLGH GLUHFW VXEVLGLHV RU LQGLUHFW VXSSRUW VXFK DV WKH XVH RI
OHJXPHVLQHFRORJLFDOIRFXVDUHDVLQWKHFRPPRQDJULFXOWXUDOSROLF\3URVDQG
FRQV RI GLIIHUHQW SROLF\ RSWLRQV ZHUH FRPSDUHG E\ %XHV et al. 
$FFRUGLQJ WR 0DJULQL et al.  VWURQJ VXSSRUW LV UHTXLUHG IURP SXEOLF
LQVWLWXWLRQV WR FRRUGLQDWH WKH WUDQVLWLRQ RI WKH DJULIRRG VHFWRU WR LQFOXGH
OHJXPHVIRUUHDVRQVRIKXPDQKHDOWKDQGHQYLURQPHQWDOVXVWDLQDELOLW\
 2XWORRN
7KLV WKHVLV FRQWULEXWHV WR DGGUHVVLQJ WKH UHVHDUFK QHHG IRU DQ LQWHJUDWHG
DVVHVVPHQW RI OHJXPHVXSSRUWHG &6 HYDOXDWLQJ WKH RSSRUWXQLWLHV DQG
FKDOOHQJHV RI OHJXPHV DQG LGHQWLI\LQJ DYHQXHV IRU LQWHQVLILFDWLRQ RI OHJXPH
SURGXFWLRQ LQ (XURSHDQ DJULFXOWXUH %\ GHYHORSLQJ WKH UHVHDUFK DSSURDFK RI
WKLV WKHVLV IXUWKHU WKHDVVHVVPHQWFRXOGEHEURDGHQHG UHILQHGDQG LQWHJUDWHG
ZLWKDFRQWLQXHGHIIRUWIRUGHVLJQLQJ&6WKDWPDNHEHWWHUXVHRIWKHHFRV\VWHP
VHUYLFHVRIOHJXPHVE\HQKDQFLQJWKHLUSURGXFWLRQ
)XWXUH UHVHDUFK VKRXOG EURDGHQ WKH JHRJUDSKLF FRYHUDJH RI WKH DVVHVVPHQW
ZLWKWKH&6IUDPHZRUNWRRWKHUUHJLRQVDFURVV(XURSH,QDUHDVZKHUHWKH&6
IUDPHZRUN KDV QRW \HW EHHQ DSSOLHG VXFK DV LQ VRXWKZHVWHUQ (XURSH WKH





7KH \LHOG VWDELOLW\ LQGLFDWRU GHYHORSHG DQG WHVWHG LQ WKLV WKHVLV SURYLGHV
LQVLJKWVLQWRLQWHUVSHFLILFGLIIHUHQFHVLQ\LHOGVWDELOLW\DQGFRXOGFRQWULEXWHWR
WKHGHVLJQRIPRUHVWDEOHV\VWHPV7RWKLVHQGFURS\LHOGVWDELOLW\VKRXOGEH
DVVHVVHG LQ RWKHU V\VWHPV HJ SURGXFWLRQ RI ZLQWHUVHDVRQ OHJXPHV LQ




RI WKH ORZHU \LHOG VWDELOLW\ RI JUDLQ OHJXPHV DQG RWKHU VSULQJ FURSV RQ WKH
DYHUDJH \LHOG VWDELOLW\ RI &6 LV DQRWKHU UHVHDUFK TXHVWLRQ WR LQYHVWLJDWH
%H\RQGWKHUHVHDUFKTXHVWLRQVDGGUHVVHGLQWKLVWKHVLVWKHUHLVDQHHGWRVWXG\
WKHFDXVHVDQGPDLQGULYHUVIRU\LHOGVWDELOLW\ LQJUDLQ OHJXPHV6LQFHUHVXOWV
RQ FHUHDOV 3DSHU ,,, DQG JUDLQ OHJXPHV IURP WZR /7(V LQ 6ZHGHQ DQG
*HUPDQ\5HFNOLQJ et al.VKRZHGWKDWWHPSRUDO\LHOGVWDELOLW\GHFUHDVHG
RYHUWLPHIXWXUHUHVHDUFKVKRXOGLQYHVWLJDWHWKHHIIHFWRIFOLPDWHYDULDELOLW\RQ
\LHOG VWDELOLW\ DQG WR LGHQWLI\ SUDFWLFDO DGDSWDWLRQ VWUDWHJLHV WR GHVLJQ PRUH
UHVLOLHQW&6
7KH WKHVLV LGHQWLILHGDYHQXHV IRUHQKDQFLQJ OHJXPHSURGXFWLRQ IRUD VSHFLILF
VWXG\FDVHZKHUHVR\EHDQKDVVKRZQWREHDXVHIXOFURSLQDFRRO WHPSHUDWH
FOLPDWH )RU VR\EHDQ WR EHFRPH DPDMRU FURS LQ QRUWKHUQ (XURSH WKHUH LV D
QHHGWRLGHQWLI\DQGSRWHQWLDOO\EUHHGDGDSWHGERWKIHHGJUDGHDQGIRRGJUDGH
FXOWLYDUV6LQFHVR\EHDQOHDYHVPXFKUHVLGXDOQLWURJHQLQWKHVRLODJURQRPLF
SUDFWLFHV RXJKW WR EH GHYHORSHG WKDW UHGXFH WKH ULVN RI SRVWKDUYHVW QLWUDWH
OHDFKLQJ &RYHU FURS VROXWLRQV WR DYRLG OHDFKLQJ QHHG WR EH GHYHORSHG WKDW
ZRXOG VXLW WKH ODWH KDUYHVWLQJ WLPH RI WKLV FURS )XWXUH UHVHDUFK VKRXOG DOVR
LGHQWLI\RSWLPDOVXEVHTXHQWFURSVWKDWFDQWDNHXSPXFKRIWKHUHVLGXDO1DQG






6LQFH UHVHDUFK SURMHFWV DUH RIWHQ WRR VKRUW WR LQYROYH IDUPHUV DFWLYHO\ DQG
LPSOHPHQWRQIDUPWULDOVIDUPHUVFLHQWLVWQHWZRUNVQHHGWREHHVWDEOLVKHGWKDW
KDYHDORQJHUWLPHIUDPHWKDQSURMHFWV,QWKHVHQHWZRUNVGLIIHUHQWREMHFWLYHV
FDQ EH DGGUHVVHG VXFK DV LGHQWLI\LQJ &6 IRU LQFUHDVLQJ UHVRXUFHXVH
HIILFLHQF\6LQFHDYHQXHVIRUHQKDQFLQJOHJXPHSURGXFWLRQDUHVSHFLILFWRORFDO
DQG LQGLYLGXDO FRQGLWLRQV D VXEVWDQWLDO LPSURYHPHQW RI OHJXPH SURGXFWLRQ
DFURVV UHJLRQV RU HYHQ (XURSHZLGH UHTXLUHV PDQ\ ORFDOVFDOH HIIRUWV WKDW






7KH DLP RI WKLV WKHVLV ZDV WR GHVLJQ DQG DVVHVV OHJXPHVXSSRUWHG &6 LQ
(XURSHDQDJULFXOWXUH:LWKQHZO\GHYHORSHGDQGUHILQHGDVVHVVPHQWPHWKRGV
LW ZDV VKRZQ WKDW LQWHJUDWLQJ OHJXPHV LQWR &6 FDQ SURYLGH VXEVWDQWLDO
HQYLURQPHQWDO EHQHILWV XQGHU GLIIHUHQW ELRSK\VLFDO DQG VRFLRHFRQRPLF
FRQGLWLRQVZKLOHUHGXFLQJLQFRPHDQG\LHOGVWDELOLW\PRGHVWO\LQVRPHFDVHV








WKH HFRV\VWHP VHUYLFHV RI OHJXPHV YLVLEOH DQG EURXJKW RXW RSWLRQV IRU
GHVLJQLQJQHZV\VWHPV
6HFRQG WKH HFRQRPLF DQG HQYLURQPHQWDO HIIHFWV RI LQWHJUDWLQJ OHJXPHV LQWR
&6 ZHUH LQYHVWLJDWHG ZLWK WKH REMHFWLYH RI LGHQWLI\LQJ WKH SRWHQWLDOV DQG
OLPLWDWLRQV RI LQFUHDVLQJ OHJXPH FXOWLYDWLRQ LQ (XURSH 3DSHU ,, /HJXPHV
UHGXFHGQHJDWLYHHQYLURQPHQWDOLPSDFWVVLJQLILFDQWO\LQDOPRVWDOOWHVWUHJLRQV
LQDUDEOHDQGPL[HGV\VWHPV7UDGHRIIVEHWZHHQHFRQRPLFDQGHQYLURQPHQWDO
LPSDFWVRFFXUUHGZKHQJUDLQ OHJXPHVZHUH LQWHJUDWHG LQWR&66\VWHPVZLWK
IRUDJH OHJXPHV UHVXOWHG LQ V\QHUJLHV E\ LQFUHDVLQJ HFRQRPLF EHQHILWV DQG
UHGXFLQJHQYLURQPHQWDOLPSDFWVFRPSDUHGWRV\VWHPVZLWKRXWOHJXPHV
7KLUGDQRYHOPHWKRGWRTXDQWLI\\LHOGVWDELOLW\E\DGMXVWLQJWKHVWDQGDUG&9






)RXUWK \LHOG VWDELOLW\ RI JUDLQ OHJXPHV ZDV DVVHVVHG ZLWK WKH REMHFWLYH RI
FRPSDULQJ LW ZLWK RWKHU FURS VSHFLHV XVLQJ ILHOGOHYHO GDWD IURP /7(V IURP
QRUWKHUQ(XURSH3DSHU ,9$SSO\LQJ WKHVFDOHDGMXVWHG&9VKRZHG WKDW WKH
\LHOG VWDELOLW\ RI JUDLQ OHJXPHV DQG RWKHU VSULQJ FURSV LV LQ D VLPLODU UDQJH
ZKLOHZLQWHUFHUHDOVZHUHVLJQLILFDQWO\PRUHVWDEOH
7KH ILIWKREMHFWLYHZDV WR UHGHVLJQ&6XVLQJDSDUWLFLSDWRU\DSSURDFKEDVHG
RQIDUPHUV¶SHUFHLYHGFRQVWUDLQWVDQGRSSRUWXQLWLHVLQJURZLQJOHJXPHV3DSHU
9 :RUNLQJ ZLWK IDUPHUV LQ D FROHDUQLQJ SURFHVV KLJKOLJKWHG WKH QHHG WR




WKURXJK WKH FRPELQDWLRQ RI PHWKRGV LQFUHDVHG WKH EHQHILWV RI WKH PRVW
LPSRUWDQWVHUYLFHVRIJUDLQOHJXPHVQDPHO\SURYLVLRQLQJRISURWHLQ1IL[DWLRQ
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